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Editorial on the Research Topic
Neurogastroenterology — Focus on the Gut-Brain Axis

The gut-brain axis has drawn increasing attention during the past decade as reflected by the
exponential number of publications in this field. Somatoform gastrointestinal disorders such as
functional dyspepsia (FD) and irritable bowel syndrome (IBS) are very common and characterized
by alterations of gut-brain signaling (1, 2) that has recently been expanded to the gut microbiome
referred to as microbiome-gut-brain axis (3). The importance of these pathways has been taken
into consideration in the new Rome IV criteria in their naming of “disorders of the gut-brain
interaction” (4). The present special issue highlights 18 original and review articles covering
the broad range of investigations including the pathophysiology of functional disorders, the
microbiome-gut-brain axis, and treatment options.

The pathophysiology of functional disorders is complex and multifactorial related to alterations
taking place along the gut-brain axis as reflected by eight articles spanning from human colonic
mucosal biopsies to brain network alterations. Two original studies performed on colonic biopsies
of patients with IBS focused on brain-derived neutrophic factor (BDNF) (Konturek et al.) and
mucosal Tuft cells Aigbologa et al. Building on recent reports indicative of a connection between
BDNF and IBS (5), Konturek et al. showed a sex difference in BDNF mRNA assessed in colonic
biopsies of patients with IBS diarrhea subtype (IBS-D) with females having a higher expression
than males. This raises interesting possibilities of a role of BDNF in the recognized sex difference
of IBS, considered to be female-predominant (6). Aigbologa et al. provide novel evidence that
colonic biopsies of patients with non-post-infectious IBS have Tuft cell hyperplasia taking place
selectively in the subgroup of IBS-D. This is paralleled by an increased secretion of Tuft cell
product marker, IL-25, in biopsies and elevated plasma levels. By contrast, there is no change in
patients with constipation-predominant IBS. These interesting observations open new fields of
investigations as whether Tuft cell hyperplasia can represent a step forward in the identification
of morphologic characteristics specific for a subset of patients with IBS-D. The comprehensive
review by Mahurkar-Joshi and Chang provides emerging evidence that IBS is associated with
several DNA methylation changes detected in peripheral blood mononuclear cells or colonic
mucosa. The review also delineates the growing interest in the role of microRNA and long non-
coding RNAs in the etiopathology of IBS. Of interest, as part of the underpinning factors in IBS,
recent reports are indicative of interactions between the microbiome, diet, and epigenetic factors
labeled as the “microbiota-nutrient metabolism-epigenetic axis” (Mahurkar-Joshi and Chang). At
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the level of the brain, a functional magnetic resonance study
by Skrobisz et al. focused on the Default Mode Network in
functional GI diseases. They showed changes in the left cingulum
and supplementary motor area that may reflect altered processing
of homeostatic stimuli. Two clinical studies, performed in healthy
volunteers probed mechanisms of visceroception in response to
colorectal distension stimuli to address the influence of sex or
chronic stress. Labrenz et al. unraveled that healthy women had
difficulties to disengage from threat in the presence of a neutral
cue indicative of a role of attentional bias mechanisms underlying
hypervigilance to visceral pain. Icenhour et al. established that
healthy volunteers with elevated chronic stress displayed an
enhanced perception and recall bias for rectal urgency pointing
to memory processes in interoceptive vigilance modulated by
chronic stress.

Functional disorders in the upper gut also encompass FD
and gastroparesis with symptoms that can be triggered by meal
ingestion known to release gut hormones (7). The systematic
review on these disorders by van den Houte et al. indicates
that neither somatostatin, ghrelin nor motilin blood levels differ
between patients with FD and healthy volunteers although a
correlation was seen between higher burden symptoms and
higher peptide hormone levels. However, it is pointed out that
there are several limitations in the reported studies precluding
a clear knowledge as to whether gut hormones released by
nutrients can play a role in the increasing symptoms of functional
diseases affecting the upper gut. Lastly, of great importance
to delineate the pathophysiological mechanisms of functional
gastrointestinal diseases are relevant experimental models with
face value and validity. The review by Accarie and Vanuytsel
provides a detailed account of the various validated rodent
models mainly relevant to IBS and mechanisms along the gut-
brain axis contributing to IBS-like symptoms in these models.

The gut microbiome has received growing interest as a
new factor involved in the pathophysiology of functional
gastrointestinal  disorders (8). Small intestinal bacterial
overgrowth (SIBO), defined as an increase in the number
of endogenous bacteria within the small bowel, is one example
of gut microbiome dysbiosis. Its diagnosis relies on small
bowel aspirate culture that may be difficult to run in clinical
practice, or on a positive hydrogen lactulose or glucose breath
test. SIBO may mimic IBS symptoms. These include diarrhea,
bloating, distention, and ultimately abdominal pain and are
related, among others, to impaired intestinal permeability,
chronic inflammation, and decreased absorption of bile salts. In
the review from Takakura and Pimentel SIBO was confirmed
to be highly prevalent in IBS. Some pathogenic bacteria,
including but not limited to Enterococcus, Escherichia coli, and
Klebsiella, have been reported to be associated with SIBO, while
Methanobrevibacter smithii has been shown to increase methane
production mostly in IBS patients with constipation. Therapeutic
management classically relies on antibiotics, while recent studies
suggested that probiotics may be new therapeutic option.

Recent studies emphasize the bidirectional communication
between the gut microbiome and the brain in the maintenance
of hormonal and neuro-immune homeostasis (9). Alteration
of this namely “microbiome-brain-gut axis® is suspected

to be a new contributing factor involved in functional
gastrointestinal disorders but also in neuropsychiatric disorders
(9). In the systematic review from Kraeuter et al. the authors
show gut microbiome is altered in psychosis syndromes
as compared to healthy controls, including alterations of
Proteobacteria, Firmicutes, Bacteroidetes, Fusobacteria, and
Actinobacteria phyla. These changes may therefore contribute to
clarify the pathophysiology of schizophrenia-spectrum disorders
that remains poorly understood. Future studies, including
interventional studies, will be however required to confirm
causality between these gut microbiome modifications and
psychosis syndromes.

Interestingly, while there is growing interest on the
characterization of interaction between brain and gut microbiota
in health and disease, very little information exists regarding
the salivary microbiome. In a pioneering study authored by
Langgartner et al. the salivary microbiome was found to be
modified in healthy subjects exposed to social stressor, namely
the Trier Social Stress Test (TSST). In detail, the authors showed
that salivary microbial beta diversity was higher in subjects with
urban upbringing in the absence of daily contact with pets as
compared with those that underwent rural upbringing in the
presence of daily contact with farm animals. Interestingly, this
was associated with increased immune activation following acute
psychosocial stressor exposure induced by the TSST. Although
association does not mean causation, this study casts new light
on an underexplored field and suggests potential stress-induced
interactions between the brain and the salivary microbiome.

Melchior et al. showed a higher prevalence of anxiety and
depression in a sample of 228 subjects diagnosed with IBS
compared to healthy volunteers (n = 228), likely contributing to
the observed lower quality of life in patients with IBS Melchior
et al. Interestingly, also a higher prevalence of suspected eating
disorders was observed in patients with IBS compared to healthy
volunteers (Melchior et al.). Based on these data and the greatly
reduced quality of life due to IBS itself, it is not surprising
that psychotherapy plays an important role in the treatment
regimen of IBS. Hetterich and Stengel review the existing
literature on psychotherapeutic options for patients with IBS and
discuss psychoeducation, self-help, cognitive behavioral therapy,
psychodynamic psychotherapy, hypnotherapy, mindfulness-
based therapy, and relaxation therapy as evidence-based
strategies for the multimodal treatment of patients with IBS
(Hetterich and Stengel).

In addition, dietary approaches play a role in the treatment
of functional gastrointestinal disorders. Duboc et al. review
the evidence on the role of diet in symptom generation and
aggravation of patients with FD and highlight conflicting data
for carbohydrates, while gluten-free diets might be useful in
patients specifically reporting non-celiac gluten/wheat sensitivity
(Duboc et al.). Although the low FODMAP (Fermentable, Oligo,
Di-, Monosaccharides, and Polyols) diet has not been tested in
patients with FD so far, it might still be useful due to the large
overlap between FD and IBS (Duboc et al.), since low FODMAP
has been—although being very restrictive and often aborted by
the patients—shown to be effective for patients with IBS as
reviewed in this special issue (Manning et al.).
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Moreover, herbal therapies play a role in the management
of patients with FD and IBS with STW-5, peppermint oil,
rikkunshito and DA-9701 being best studied. These compounds
affect different functions of the gastrointestinal tract such
as inflammatory, sensory, and motor functions (Kim et al.).
Although first studies showed efficacy and safety of these
compounds in controlled trials, high quality studies on
pharmacological mechanisms and clinical effects of these herbal
drugs are largely missing (Kim et al.). Although the placebo effect
should be regarded in these studies, it does not seem to be higher
in patients with functional gastrointestinal disorders compared to
other functional disorders- contrary to the commonly discussed
opinion (Enck and Klosterhalfen). Non-response rates following
various treatment attempts are high in patients with IBS ranging
from 63.0 to 83.9% and likely contribute to the low quality of life
observed in these patients as shown in a current original article
(Dong et al.).
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In summary, this special issue from Frontiers in
Psychiatry—Psychosomatic Medicine highlights the role
of brain-gut interactions and their disturbance in the
pathophysiology of functional gastrointestinal disorders.
The different research articles published in this issue add to
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involve gut microbiome, diet, genetics, neuro-hormonal,
and neuro-immune response. Future directions should
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relationships of these alterations in the context of functional
gastrointestinal disorders.
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High Rates of Non-Response Across
Treatment Attempts in Chronic
Irritable Bowel Syndrome: Results
From a Follow-Up Study in

Tertiary Care

Yuanjun Dong*, David Baumeister, Sabrina Berens, Wolfgang Eich and Jonas Tesarz

Department of General Internal Medicine and Psychosomatics, University Hospital Heidelberg, Heidelberg, Germany

Objective: Despite a wealth of treatment options for irritable bowel syndrome (IBS), data
on the subjective experience of treatments in ongoing clinical practice are sparse. This
follow-up study assessed the individual usage of treatment modalities by IBS patients
over time and investigated the patients’ subjective experience of therapeutic impact.

Methods: The study was conducted at the Specialty Clinic for Functional Gastrointestinal
Disorders of the Heidelberg University Hospital. All patients who fulfilled the Rome Il criteria
for IBS and treated in our outpatient clinic between January 2012 and December 2016
were invited to the assessment. The primary outcome variables were individual usage of
treatment modalities and the Patient Global Impression of Change (PGIC) with treatments.

Results: Three hundred and sixty-six patients fulfiled the Rome lll criteria for IBS and
thus were eligible for this study. Two hundred and seven patients dropped out from the
study. The study could include 159 patients (43.7 + 17.1 years; 71.1% female). The mean
time since the first visit to the clinic was 2.8 + 1.3 years (median 3.0 years). The mean
time of symptom duration was 14.1 + 11.1 years (median 10 years). The average number
of treatment attempts was 12, ranging from 2 to 39). With respect to the subjective
experience of therapeutic impact, there were no significant differences in the PGIC scores
among different treatments (o = 0.183). The rates of non-response rates (minimally
improved, no change, or minimally worse) ranged from 63.0% to 83.9%. The PGIC score
was correlated negatively with the mean number of treatment attempts (r = -0.316, p <
0.01). The mean number of treatment attempts was correlated negatively with quality of
life (- = -0.262, p < 0.01).

Conclusion: A multidisciplinary treatment approach of IBS is characterized by high rates
of non-response and a high number of frustrating treatment attempts. The connection
between the various treatment attempts and the frustrating subjective experience of
therapeutic impact puts a substantial burden on IBS patients.

Keywords: irritable bowel syndrome, treatment modalities, subjective experience, therapeutic impact, response rate
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INTRODUCTION

Irritable bowel syndrome (IBS) is a distressing chronic
gastrointestinal disorder characterized by abdominal pain and
changes in bowel habits (1). With a global prevalence of 9% to 12%,
IBS is one of the most common functional gastrointestinal disorders
in the world (2) and is associated with a substantial socioeconomic
impact on the individual (3) as well as on society (4, 5). As the exact
origin of IBS remains poorly understood, there are neither causal
therapeutic approaches nor single-treatment interventions suitable
and effective for all patients (6, 7). Accordingly, guidelines for the
diagnosis and treatment of functional gastrointestinal diseases
emphasize the combination of different therapies in a multimodal
interdisciplinary treatment approach (8), including non-specific
therapeutic recommendations (e.g., physical activity) as well as more
specific recommendations, such as dietary advices, psychological
interventions, and symptom-targeting medications. Although
current guidelines (9) included a variety of different treatment
options, adequate symptom control is still one of the greatest
challenges in the treatment of IBS.

Against this background, a combination of several different
treatment approaches is usually recommended in guidelines.
However, Halder etal. (10) found that even after 10 years of treatment,
patients with IBS are still plagued by various kinds of symptoms. In
addition, more than half of IBS primary care counseling is due to
patients being dissatisfied with previous treatments (11). Indeed,
there is evidence that patients often use numerous treatments (12).

Despite a broad spectrum of IBS treatment options, few
data have been published so far on the subjective experience
of engagement with these treatment modalities and their
performance under actual clinical conditions. While the
superiority of several different treatment modalities over placebo
was supported by a multitude of clinical trials (13), there is only
limited evidence (14) for which treatments patients are engaged
in and which are experienced as helpful by patients. Therefore,
the aims of this study were 1) to determine the individual usage
of treatment modalities by IBS patients over time and 2) to assess
the patients’ subjective experience of therapeutic impact.

MATERIALS AND METHODS
Study Design

This cross-sectional study was carried out at the Specialty Clinic
for Functional Gastrointestinal Disorders at the Department of
General Internal Medicine and Psychosomatics of Heidelberg
University Hospital in tertiary care. This study was approved by
the Ethics Committee of Heidelberg University (S-071/2017) and
carried out in accordance with the Declaration of Helsinki and
the Regulations for the Physicians of the Baden-Wiirttemberg
Chamber of Physicians in the latest versions. All patients who
fulfilled the Rome III criteria for IBS and treated in our outpatient
clinic between January 2012 and December 2016 were invited
to the study. Patients received the study questionnaire package
via mail, together with study invitation and consent forms, in
October 2017. The study used the approach of the Dillman Total
Design Method (15) to increase response rates.

There were 366 patients who fulfilled the Rome III criteria for IBS
and thus were eligible for this study. Two hundred and four (55.7%)
patients did not respond (including those whose new addresses were
unknown), and three (0.8%) patients actively refused to participate
in the study. Percentages of IBS subgroups, ie., constipation
predominant (IBS-C), diarrhea predominant (IBS-D), alternating or
mixed (IBS-M), and undetermined (IBS-U), were also calculated in
the patient cohort. The flowchart of patients’ responses and reasons
for non-participation is shown in Figure 1.

Inclusion/exclusion criteria: All patients had to be >18 years
of age and had to provide signed informed consent. Patients
were only included if they fulfilled the Rome III criteria for the
diagnosis of IBS (16). Patients with illiteracy were excluded.

Measures

In addition to the treatment modalities and the subjective
experience of therapeutic impact, the sociodemographic data,
symptom severity, psychological comorbidities, and quality of life
were assessed by a set of general and functional gastrointestinal
disorder-specific questionnaires.

Sociodemographic Data

Sociodemographic data including age, gender, family status,
education level, duration of symptoms, and treatments were
collected using the Psychosomatic Basis Documentation
Questionnaire (Psy-BaDo) according to Heuft and Senf (17).

Symptomatic Characteristics

To assess the patients’ current symptomatic characteristics,
symptom severity, quality of life, and psychological comorbidities
were measured:

Symptom severity: Symptom severity was evaluated using
the IBS Symptom Severity Scale (IBS-SSS, range 0-500) (18, 19).
High values indicate greater symptom burden, and the following
cutoff values have been suggested: <75 healthy, 75-174 mild,
175-300 moderate, and >300 severe IBS (20).

Quality of life: Quality of life was measured by the quality-
of-life questionnaire for functional digestive disorders (FDDQL,
range 0-100) (21, 22). FDDQL is a form of 48 items over eight
domains (i.e., daily activity, disease-related anxiety, diet, sleep,
discomfort, health perception, coping with disease, and impact
of stress). Higher scores indicate better quality of life.

Psychological comorbidities: Depression was measured using the
nine-item depression module of the Patient Health Questionnaire
(PHQ-9, range 0-27) (23). A cutoff value of 210 was interpreted
as clinically relevant depressive comorbidity. Anxiety was assessed
using the Generalized Anxiety Disorder seven-item questionnaire
(GAD-7,range 0-21) (24). A cutoff value of 210 was used to indicate
clinically relevant anxiety comorbidity. Disease-related fear was
measured with the brief Whitley Index-7 (WI-7, range 0-28) (25).
A cutoff value of >3 was interpreted as the presence of a clinically
relevant level of disease-related fear.

Usage of Treatment Modalities and Subjective
Experience of Therapeutic Impact

To explore the usage of treatment modalities and patients” subjective
experience of therapeutic impact, an additional questionnaire set
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Patients occurrence !
n=>576

n =210 (36.5%) 2 excluded

[
L

Invited for the survey participation 3
n=366

I n =3 (0.8%) refusals *

Patients eligible
n=363

[

Y

n =204 (55.7%) drop out 3

Completed questionnaire set
n=159

L

FIGURE 1 | Flowchart of the study.'All patients treated within our functional gastrointestinal disorders (FGIDs) specialty care unit from January 2012 to December
2016 were screened for eligibility. 2Patients who did not meet the Rome I criteria for irritable bowel syndrome (IBS). The invitation period was from September
2017 to December 2017. “Declared their refusal to participate by email or phone. Not available (e.g., missing contact data, did not respond).

was developed based on the German IBS treatment guidelines (9, 26)
and the Patient Global Impression of Change (PGIC) scale (27).

To assess the individual usage of treatment modalities,
participants were asked about their previous therapy experiences.
Referring to the previous experience in this field (28), therefore,
a structured and comprehensive list of different treatment
modalities was developed. To develop this list, an initial focus
group was employed. Next to the authors of the present work, the
study involved 1) clinicians involved in the daily work with IBS
patients, 2) clinical experts involved in the development of the
German treatment guidelines for IBS, and 3) a methodologist.
Based on the official German IBS guidelines (9, 26), an initial
item pool was developed by this focus group, including all the
treatment options generally recommended for IBS. This item
pool was supplemented by various additional treatment options
frequently reported by patients (e.g., complementary medicine,
over-the-counter drugs). To assess the patients subjective
experience of therapeutic impact for each treatment modality,
we combined the treatment list with the seven-point Likert scale
of the PGIC rating. Patients were asked to rate their subjective
treatment satisfaction and global ratings of change of the overall
situation using the following items: 1) very much improved,
2) much improved, 3) minimally improved, 4) no change,
5) minimally worse, 6) much worse, and 7) very much worse.
Patients who rated PGIC with treatment as very much improved
and much improved were treated as “improved”; minimally

improved, no change, and minimally worse were treated as
“non-response”; and very much worse and much worse were
classified as “worsened” (29-31). After two rounds of piloting
the comprehensibility, clarity, and comprehensiveness of this
preliminary assessment, the treatment modalities were stratified
according to five different treatment classes: non-specific general
therapeutic recommendations (Cronbach’s o o, qecific general
therapeutic recommendations = 0-382, €.g., physical activity, herbal tea,
symptom diary); dietary recommendations (Cronbach’s a gy
recommendations = 0-617, e.g., avoiding fructose, avoiding lactose,
nutritional counseling); psychosocial interventions (Cronbach’s
a psychosocial interventions = 0669’ e'g" abdominal hypnOtherapY’
relaxation therapy, stress management); symptom-targeting
medications (Cronbach’s a symptom-targeting medications = 0706’ e‘g"
antidiarrhea drugs, antispasmodic drugs, acid inhibitor drugs);
and complementary interventions (Cronbachs a ,uiementary
interventions = 0-847, €.g., homoeopathy, manual therapy, integrative
mind-body therapy). The Cronbach’s a ., coeflicient in this
study was 0.853.

Statistical Analyses

All statistical analyses were performed using IBM SPSS
Statistics 22.0 for Windows. Partial correlation was used to
assess the relationship between the number of treatment
attempts and the PGIC score. The average PGIC score for all
treatments ever used was used in the analysis. Additionally,

Frontiers in Psychiatry | www.frontiersin.org

10

October 2019 | Volume 10 | Article 714


https://www.frontiersin.org/journals/psychiatry#articles
https://www.frontiersin.org/journals/psychiatry
www.frontiersin.org

Dong et al.

Treatment Attempts in Chronic IBS

dropout analyses were performed to explore the impact of
patients who completed the IBS diagnostic criteria at the initial
visit but who dropped out in this study. For characterization
of dropouts, data/medical records from the initial visit
were used. All tests were two-sided. P-values less than 0.05
indicated statistical significance for all analyses. All analyses
were explorative and not of a confirmatory nature; thus, no
specific hypotheses were formulated.

RESULTS

Sociodemographic and Symptomatic
Characteristics

The study could include 159 (43.4%) patients (43.7 + 17.1 years of
age; 71.1% female). Of the patient cohort, 47.8% were classified as
IBS-D, 43.4% were classified as IBS-M, and 6.3% were classified as
IBS-C. As shown in Table 1, the mean time since the first visit to
the clinic was 2.8 + 1.3 years (median 3.0 years). The mean time
of symptom duration was 14.1 + 11.1 years (median 10.0 years).
The mean level of symptom severity of these patients was 225.5 +
101.8. Of all patients, 48.4% reported scores at moderate severity
levels, 9.4% showed scores above the cutoft of value for severe
symptom severity, and 32.1% showed scores at mild severity levels.
Categorizing participants according to the validated cutoft values,
the prevalence was 16.1% for depressive syndrome, 27.6% for anxiety
syndrome, and 44.9% for disease-related fear. When considering
the subgroups of IBS, there was no significant differences among
the demographic and clinical characteristics, subjective experience
of therapeutic impact, and number of treatment attempts between
IBS-D and IBS-M. For more details, see Table S1.

Usage of Treatment Modalities

and Subjective Experience of

Therapeutic Impact

Patients reported on average experiences with treatments from
at least two different treatment classes. The most-often-used
treatment classes were symptom-targeting medications (98.7%,
157) and non-specific general therapeutic recommendations
(95.0%, 151). The least-used class was complementary treatments
(46.5%, 74). The average number of treatment attempts by
patients was 12, ranging from 2 to 39. The five most-often-used
treatment modalities were 1) soluble fibers (e.g., psyllium seed
husks); 2) herbal teas (e.g., fennel anise caraway tea); 3) physical
activity; 4) hot-water bottle; and 5) liquid nine herbs (e.g., STW-
5). For more details of the usage of treatment modalities within
each class, see Figure 2.

With respect to the subjective experience of therapeutic
impact, there were no significant differences in the PGIC
scores among different treatments (p = 0.183). The rates of
non-response (minimally improved, no change, or minimally
worse) ranged from 63.0% to 83.9%. According to different
treatment modalities, between 15% and 30% of all patients
reported significant benefits (very much improved and much
improved), and less than 5.0% reported that treatments have
worsened their symptoms. For more details of the subjective
experience of therapeuticimpact within each class, see Figure 3.
Table S2 of the Supplementary Material presents the top five
of the different treatment modalities stratified according to
usage rate and subjective experience of therapeutic impact.
Figure S1 of the Supplementary Material presents the most-
often-used treatments in general (treatments reported by
<25% of the sample are not listed).

TABLE 1 | Demographic characteristics, symptom burden, and quality of life of the study cohort.

IBS patients (n = 159)

Age

Female
Family status Single

Stable cohabitation’
Divorced or widowed
Education level above high school
IBS subtypes IBS-C
IBS-D
IBS-M
Number of treatment attempts

First onset of symptoms in years

Clinic treatment period? in years

Symptom severity (IBS-SSS)

Depression (PHQ-9)

Anxiety (GAD-7)

Disease-related fear (WI-7)

Quality of life (FDDQL)

Mean + SD 43.4 171
(range) (18, 77)
% (n) 71.1(113)
% (n) 47.4 (63)
45.1 (60)
7.5(10)
% (n) 72.6 (106)
% (n) 6.3 (10)
47.8 (76)
43.4 (69)
Median (range) 12 (2, 39)
Mean + SD 141 +11.1
Mean + SD 28+1.3
Mean + SD 2255 +101.8
Mean + SD 54+46
Mean + SD 6.7 £5.0
Mean + SD 8.7+6.5
Mean + SD 56.8 +11.2

'Stable cohabitation, i.e., married/unmarried cohabitation. °Clinic treatment period: the mean period of time since the first visit in the specialty care outpatient clinic and follow-up

assessment.

IBS, irritable bowel syndrome; IBS-C, IBS with constipation; IBS-D, IBS with diarrhea; IBS-M, IBS with mixed bowel habits; IBS-SSS, IBS Symptom Severity Scale; GAD-7,
Generalized Anxiety Disorder seven-item questionnaire; PHQ-9, nine-item depression module of the Patient Health Questionnaire; WI-7, brief Whitley Index-7; FDDQL, quality-of-life

questionnaire for functional digestive disorders; SD, standard deviation.
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Non-specific
general therapeutic
recommendations
95.0 (151)

Dietary
recommendations
76.7 (122)

Psychosocial
interventions
72.3 (115)

Symptom-targeting
medications
98.7 (157)

Complementary
recommendations
46.5 (74)

Herbal teas * -

171.1 (113)

Hot-water bottle

] 69.8 (111)

Physical activity

] 69.8 (111)

Symptom diary

] 50.9 (81)

Avoiding lactose

145.9 (73)

Avoiding fructose

] 44.0 (70)

Nutritional counselling -

Avoiding gluten/ wheat 4

Avoiding coffee

FODMAP -

1 11.3(18)

] 35.2 (56)
] 34.0 (54)

Relaxation therapy -

] 42.8 (68)

Consultation-liaison psychiatrx-

Psychotherapy -=|
Antidepressant 1

Abdominal hypnotherapy -

] 13.8 (22)

Stress management
Group therapy of IBS
Biofeedback +

10.7 (17)
10.1 (16)
3 5.7 (9)

] 38.4 (61)
37.7 (60)
29.6 (47)

41.5 (66)

Soluble fibers #

) 74.2 (118)

Liquid nine herbs #

] 59.1 (94)

Probiotics preparation 4

1 57.2(91)

Bloating drugs

1 51.6(82)

Acid inhibitor

] 49.1 (78)

Antispasmodic

Analgesic

Anti-diarrhea drugs -=|
Peppermint preparation

26.4 (42)

Bullrich healing capsules

Nausea drugs

Myrrhinil-intest

Prokinetic drugs

114.5 (23)

Antibiotic

Stool emptying drugs
Laxatives
Anti-inflammatory
H.p. eradication drugs

1 11.3(18)
——111.3 (18)
11.3 (18)
8.2 (13)
1.9 (3)

Homoeopathy

Manual therapy " 4

ntegrative mind-body therapy #

] 12.6 (20)

Acupuncture

TCM

Energetic methods
Massage -
Movement activity -

1 11.9 (19)
1 7.5(12)
169 (11)
[ 6.3 (10)
2.5 (4)

Neural therapy

06 (1)
Ll

] 24.5 (39)
] 22.0 (35)
] 17.6 (28)

] 28.3 (45)
122.6 (36)

141.5 (66)
138.4 (61)
37.7 (60)

0 20

40

FIGURE 2 | The usage of treatment modalities within each class. All values are shown as % (n). The set of five different treatment classes were based on the
German IBS treatment guidelines and clinic practices; values represent the percentage of participants who reported previous treatment attempts with the
treatment classes. FODMAP, fermentable oligo-, di-, mono-saccharides and polyols; TCM, traditional Chinese medicine. *Herbal teas, e.g., fennel anise caraway
tea; psychotherapy, e.g., cognitive behavioral therapy; soluble fibers, e.g., psyllium seed husks; liquid nine herbs, e.g., STW-5; manual therapy, e.g., osteopathy,

60 80 100
Percentage(%)

chiropractic; integrative mind-body therapy, e.g., yoga, tai chi.

Correlations Among the Subjective
Experience of Impact, Number of Treatment
Attempts, Symptom Severity, Psychological
Comorbidities, and Quality of Life

The average PGIC score for all treatments ever used was used in
the correlation analysis. Controlling the mean time of symptom
duration and the mean period of time since the first visit, the
PGIC score was correlated negatively with the mean number of
treatment attempts (r = —0.320, p < 0.01). A similar relationship
was found between PGIC score and the symptom severity (r =
-0.381, p < 0.01). The mean number of treatment attempts also

correlated negatively with quality of life (r = —0.263, p < 0.01).
Depression, anxiety, and disease-related fear were all negatively
correlated with PGIC score (r = —0.354, —0.279, —0.257, all p <
0.01). Meanwhile, depression and anxiety were both positively
correlated with the number of attempted treatments (r = 0.184,
0.170, all p < 0.05). For more details, see Table 2.

Dropout Analyses

Of the 207 dropouts, 67.1% (139) were female. The mean
age was 36.8 + 14.5 years (range 18-77 years). The study
compared initial visit clinical questionnaire data between the
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FIGURE 3 | Subjective experience of therapeutic impact of the three most-often-used treatment modalities within each treatment class. All values are shown as
% (n); *Improved, patients who rated Patient Global Impression of Change (PGIC) as very much improved or much improved; non-response, patients who rated
PGIC as minimally improved, no change, or minimally worse; worsened, patients who rated PGIC as very much worse or much worse. *Herbal teas, e.g., fennel
anise caraway tea; psychotherapy, e.g., cognitive behavioral therapy; soluble fibers, e.g., psyllium seed husks; liquid nine herbs, e.g., STW-5; manual therapy, e.g.,
osteopathy, chiropractic; integrative mind-body therapy, e.g., yoga, tai chi.

TABLE 2 | Partial correlation matrix among the subjective experience of therapeutic impact, number of treatment attempts, symptom severity, psychological

comorbidities, and quality of life.

1) 2 3) 4 5) 6) 7
1) Overall PGIC! 1.000
2) Treatment number? -0.320* 1.000
3) Symptom severity -0.381** 0.254** 1.000
(IBS-SSS)
4) Depression (PHQ-9) -0.354** 0.184* 0.461* 1.000
5) Anxiety (GAD-7) -0.279* 0.170* 0.504** 0.806™* 1.000
6) Disease-related fear -0.257** 0.062 0.473* 0.552* 0.641™ 1.000
(WI-7)
7) Quality of life (FDDQL) 0.427* -0.263** -0.725" -0.472** -0.558"* -0.584* 1.000
Sub-analyses
PGIC number non-specific general therapeutic recommendations -0.056
PGIC NUMDET ey ecmmenctions -0212*
PGIC number psychosocial interventions 0.012
PGIC nUME ¢mptom-tergeting medications -0.313"
PGIC number complementary interventions -0.261*

*p < 0.05; *p < 0.01. '"Overall PGIC was used to measure the subjective experience of impact by all treatments ever used. ?Treatment number, i.e., number of attempted treatments ever

used. Control variables were the duration of symptoms and the mean period of time since the first visit in the analyses. PGIC, Patient Global Impression of Change. IBS-SSS, IBS Symptom
Severity Scale; GAD-7, Generalized Anxiety Disorder seven-item questionnaire; PHQ-9, nine-item depression module of the patient health questionnaire; WI-7, brief Whitley Index-7;
FDDQL, quality of life questionnaire for functional digestive disorders.

participants who completed the study and those who dropped

DISCUSSION

out. There were no statistically significant differences in

regard to sociodemographic and symptomatic characteristics
between participants and dropouts except the variables of
age and IBS subtypes. For more details, see Table S3 of the

Supplementary Material.

Findings

To our knowledge, this is the first study to evaluate specialty
treatment practice variation among IBS patients at a tertiary

care center in Germany. The study found that 1) IBS patients
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used an average of 12 different treatment modalities; 2) patients’
subjective experience of therapeutic impact (i.e., PGIC) scores
with these treatments were characterized by high non-response
rates, and there were no significant differences among different
treatment modalities; and 3) the number of treatment attempts
was negatively correlated with the subjective experience of
therapeutic impact and the quality of life.

The most-often-used treatment classes in the study cohort were
symptom-targeting medications (98.7%), such as soluble fibers (e.g.,
psyllium seed husks) and liquid nine herbs (e.g., STW-5), as well
as non-specific general therapeutic recommendations (95.0%),
such as physical activity and herbal teas (e.g., fennel anise
caraway tea) for symptom reduction. This finding is in line with
current guidelines, in which symptom-targeting medications
are an important pillar for the treatment of IBS patients (9). As
most patients suffer from more than one symptom, the use of
numerous treatments is understandable. The treatments that
patients in the study used are quite similar to those of a previous
study from 2002 for the standard treatment of IBS (32). This
study showed dietary advice, education, exercise advice, stress
management and antispasmodic medications to be the most
frequently used treatment modalities. This finding indicates that
there have been no relevant changes in the medical care of IBS
over the last 15 years.

In light of the unclear etiology of IBS and the resulting lack of
causal therapies (33-35), it is not surprising that most patients
use different treatment modalities. Accordingly, guidelines
for the diagnosis and treatment of functional gastrointestinal
diseases emphasize the combination of different therapies in a
multimodal interdisciplinary treatment approach (8), including
non-specific therapeutic recommendations as well as more
specific recommendations, such as dietary advice, psychological
interventions, and symptom-targeting medications. However,
the number of treatment attempts with, on average, more than
12 different treatment modalities per patient was substantial in
the study. In the face of this high number in combination with
the high non-response rates, most treatments would be classified
ineffective based on current clinical standards. Further, most
treatment modalities were similar in terms of the perceived
therapeutic impact. The rates of non-response were high in the
study cohort, ranging on average from 63.0% to 83.9%. Most
patients reported that previous treatments had hardly affected
their symptoms so far. In line with this, almost two-thirds of
the participants reported moderate to severe complaints and
reduced quality of life despite multiple treatment attempts. These
data are in agreement with those obtained by a French survey
(36), which found that even though 87% of IBS patients reported
using some form of medication, almost half of them considered
their therapy to be ineffective. Similarly, a survey carried out at
a large US health maintenance organization working in primary
and secondary care found that a symptom reduction of more
than 50% could be achieved only in approximately 22% of IBS
patients (32). The study indicates that, at least with regard to the
IBS patients seen at a tertiary IBS specialty clinic, no significant
progress seems to have been achieved. One possibility is that IBS
is a heterogeneous disorder in which clinical symptoms vary from
person to person (37). What's more, with varieties of symptoms

and clinical features, IBS patients reflect many potential
pathophysiological mechanisms (38). There were no significant
relationships found when considering the correlation coefficient
for PGIC number in non-specific general recommendations
and psychosocial intervention. However, compared with other
categories of treatment, psychosocial interventions and non-
specific general recommendations are more susceptible to
subjective conditions (e.g., cognition, personality, hypnosis),
which means the responses to treatment vary more individually.

Although a high non-response rate was found, some
mechanisms have also been reported. A possible mechanism
to be discussed is the influence of previous negative treatment
experiences on future therapy response. It is well known from
nocebo research that negative expectations of a therapy have a
strong potential to reduce future therapeutic effects (39). Given
that the average IBS patient experiences a large number of
frustrating therapy attempts, there is a risk that negative therapy
expectations turn into a vicious cycle, with previous treatment
failures leading to future treatment failures. Of note, anxiety was
associated with an exacerbated nocebo response (40), and 44.9%
of IBS patients in our study showed meaningful levels of disease-
related fear, potentially indicating increased susceptibility to
nocebo effects. However, these assumptions remain speculative,
and further research is needed to better understand the
underlying mechanisms.

Limitations and Strengths
Several limitations of this study should also be considered. First,
this was a single-center study in tertiary care; our findings therefore
may not be representative of practice at other centers or hospitals
but instead may reflect our clinic’s experience. The study cohort
represents the outpatient patients, with higher disease burden and
more psychological comorbidities than the primary care sample.
Thus, the findings cannot be generalized. However, this long-term
study shows what the current IBS patients are facing. Second, not
all the subjects could be followed up, although we used repeated
mailings to lower the dropout rate. However, our response rate is
similar to those of other studies in this field (41-43). Moreover,
dropout analyses did not indicate any obvious selection bias,
at least concerning sociodemographic and symptomatic
characteristics. This study used a retrospective design to measure
the relationship between the usage of treatment modalities and the
subjective experience of therapeutic impact. Therefore, there is a
risk of a potential bias associated with self-report only. In addition
to random measurement error, self-reports may be systematically
biased if respondents have imperfect recall or deliberately provide
misleading answers (44). The resolution of risks, which might
generate spurious positive or null findings, requires large sample
sizes in the future. Third, we did not assess the data of dose,
duration, frequency, or order of therapies, as they may limit the
efficacy to some extent. Using less effective treatments first may
increase symptom severity and the opportunity for developing
psychosocial distress. However, this research gap in the field of
treatment still needs to be focused on in the future.

Despite those limitations, the strengths of this study should
not be neglected. First, the IBS diagnosis was confirmed by a
medical examination. Moreover, the treatment modalities were
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based on the German IBS treatment guidelines (9, 26). To capture
the daily clinical perspectives in the best possible manner and
to combine the scientific, clinical, and methodical experience,
we used the method of focus group by including clinicians who
work with IBS patients, clinical experts who are familiar with
the German treatment guidelines for IBS, and a methodologist.
It is well known that there is a high degree of variability among
guidelines in the determination of need and type of IBS treatment
in different countries. With this perspective, the findings on
the subjective experience of therapeutic impact would be that
IBS patients are often treated with therapies in clinic. Second,
although there are many studies on efficacy and efficiency for a
wide spectrum of different single treatment modalities, data on
the patients’ subjective experience of therapeutic impact under
actual clinical conditions in IBS are rather sparse (32, 45). In an
attempt to close this gap, our results present data with a large
sample size on individual treatment attempts and subjective
experience of impact on a wide range of different treatment
modalities embedded in an interdisciplinary tertiary care clinic
of IBS treatment.

Conclusions and Implications

To conclude, the multidisciplinary treatment approach of IBS
is characterized by high rates of non-response and frustrating
treatment attempts. Overall, IBS imposes a substantial burden
on patients. This study demonstrates a complex treatment reality
that is characterized by various treatment attempts and frustrating
subjective experience of therapeutic impact.
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Methods: IBS patients according to Rome Il criteria referred to our tertiary care center for
therapeutic management and matched volunteers without IBS were prospectively
included. EDs were screened by Sick, Control, One stone, Fat, Food—French version
(SCOFF-F) questionnaire. IBS symptom severity (IBS symptom severity score), stool
consistency (Bristol stool scale), anxiety and depression levels (Hospital Anxiety and
Depression scale), and quality of life (validated Gastrointestinal Quality of Life Index) were
assessed by validated self-questionnaires.

Results: IBS (228) patients and healthy volunteers (228) were included. Mean age was
42.5 + 13.9 years with mainly women (76.7%). Among IBS patients, 25.4% had positive
SCOFF-F compared to 21.1% of volunteers. IBS patients more frequently had a lower
body mass index (BMI) than volunteers (p < 0.0001). IBS patients with ED had poorer
quality of life and more stressful life events (p = 0.02) than IBS patients without ED. The
prevalence of anxiety and depression was significantly higher in IBS patients with ED than
in volunteers without ED, respectively (19.0% vs 1.9%, p=0.00, and 60.3% vs 19.7%,
p < 0.0001).

Conclusions: The prevalence of ED assessed with positive SCOFF-F questionnaire was
not significantly different between IBS patients and healthy volunteers. The combination of
IBS and ED was associated with higher levels of anxiety or depression and poorer quality
of life.

Keywords: healthy volunteers, quality of life, Rome lll criteria, body mass index (BMI), stressful life events, validated
self-questionnaires
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INTRODUCTION

Irritable bowel syndrome (IBS) is the main functional intestinal
disorder with a prevalence of about 5% in Western Europe (1).
IBS is characterized by chronic abdominal pain associated with
transit disorders (diarrhea, constipation, or both). The disease
significantly impairs patients’ quality of life and is a significant
burden on health care resources (1).

Many IBS patients consider that food is either the cause or an
important trigger of their intestinal symptoms (2) and that their
intestinal discomfort is related to food intolerance. This possible
relationship often promotes significant changes in diet with food
restriction. In some patients, restriction leads to an increased risk
of undernutrition (3). The risk of food restriction is probably
higher in the subgroup of IBS patients in whom IBS symptoms
are associated with upper gastrointestinal (GI) symptoms,
mainly functional dyspepsia but also gastro-esophageal reflux
disease (3).

In clinical practice, it is sometimes difficult to determine
whether this food restriction is only related to the triggering
role of food intake on the onset of IBS symptoms or if it is also
related to an underlying eating disorder (ED) associated with
IBS. Indeed, GI symptoms are frequently reported by patients
with ED (4, 5). If we consider specifically IBS, epidemiological
studies have reported that 41% to 52% of ED patients also suffer
from IBS (6, 7), while the severity of IBS is associated with poorer
quality of life in ED patients (8). In these series, patients seemed
to develop ED prior to IBS suggesting that ED may increase the
risk of developing IBS (9). Whereas data exist on the prevalence
of IBS symptoms in patients treated for ED, conversely the
frequency of an underlying ED in patients with IBS remains
poorly documented (10).

IBS is commonly associated with high anxiety and depression
levels (11). ED is also associated with anxiety, depression, and
other mood disorders (12). The combined presence of IBS and
ED could be associated with worse treatment outcomes (13).
Psychological treatments are associated with improvement in
IBS symptoms as well as in quality of life in IBS (14, 15).

The aims of this prospective study were: 1) to compare the
prevalence of ED between patients with IBS and healthy
volunteers without IBS, matched for age and sex, and 2) to
compare anxiety and depression levels according to the presence
of IBS, ED, or a combination of both.

METHODS

Design
A case—control study was carried out.

Cases had IBS (IBS+) according to Rome III criteria (16) and
were 18 to 75 years old. Patients were recruited in the physiology
department of our tertiary care center between 2012 and 2013.

Abbreviations: BMI, body mass index; ED, eating disorder; GIQLI,
Gastrointestinal Quality of Life Index; HAD, Hospital Anxiety and Depression
scale; IBS, irritable bowel syndrome; IBS-SSS, IBS symptom severity score;
SCOFF-F, Sick, Control, One stone, Fat, Food—French version.

During this period, French legislation (Huriet-Sérusclat law)
allowed patients to be interviewed in current care without
obtaining written informed consent. The use of informatics
data was declared to the Commission Nationale de
I'Informatique et des Libertés (CNIL) (n° 817.917).

Controls had no IBS (IBS-), and were recruited later from the
healthy volunteer registry of the Clinical Investigation Center of
Rouen University Hospital in 2017. IBS— were matched on sex and
age with IBS+ (1:1). Controls and IBS+ cases filled out an
anonymous self-administered questionnaire comprising the
SCOFEF-F (Sick, Control, One stone, Fat, Food—French version)
questionnaire and the Hospital Anxiety and Depression scale
(HAD). IBS was assessed using Rome III criteria. Volunteers with
a positive Rome III score were excluded. For healthy volunteers, in
agreement with the Ethics Committee, their response to the self-
questionnaire was considered as written consent. Subjects who did
not complete the questionnaire were presented with information on
the study. All subjects gave their tacit informed consent. The study
was approved by the Ouest III Ethics Committee (2013-
AOO512-53).

No patients or controls were under the age of 16.

Data Collection

Self-reported height and weight were used to calculate body mass
index (BMI) using the standard formula [BMI (kg/m?) = weight
(kg)/height (m?) and classified as: underweight (BMI below
18.5); normal (BMI between 18.5 and 24.9); overweight (BMI
between 25.0 and 29.9), and obese (BMI above 30) (according to
Centers for Disease Control and Prevention)].

Irritable Bowel Syndrome

IBS clinical phenotypes were characterized by validated self-
questionnaires. IBS severity was quantified by the IBS symptom
severity score (IBS-SSS) (17), and transit disorders were
characterized using the Bristol stool scale from 1 to 7 (18). IBS-
SSS is composed of five questions: 1) How severe is your abdominal
pain? 2) Please enter the number of days that you get the pain every
10 days. 3) How severe is your abdominal distension? 4) How
satisfied are you with your bowel habits? 5) Please indicate how
much your IBS is affecting or interfering with your life in general.
Each of the five questions generates a maximum score of 100 using
prompted visual analog scales, leading to a total possible score of
500. Quality of life was assessed using the validated 36-item
Gastrointestinal Quality of Life Index (GIQLI), with a maximum
score of 144 (19). Items are about symptoms, physical status,
emotions, social dysfunction, and effects of medical treatment. In
addition, IBS patients were questioned about a possible history of
acute gastroenteritis prior to onset of IBS, suggestive of post-
infectious IBS. A stressful life event (as sexual abuse) prior to the
beginning of symptoms was reported.

Eating Disorders

The self-administered French version of the SCOFF
questionnaire (SCOFF-F) (20) was used as a screening test for
ED. This screening test does not allow a diagnosis and does not
distinguish between different EDs. The score is composed of five
dichotomous questions. One point is given for each “yes” answer.
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At least two positive answers indicate a positive SCOFF score
with a sensitivity of 88.2% and a specificity of 92.5% (21). ED
prevalence could be overestimated using this test.

Anxiety and Depression

Levels of anxiety and depression were calculated using the HAD
scale (22, 23) with a score of 10 out of 21 defining anxiety and
depression. Patients were divided into four groups for depression
and anxiety analysis: IBS+ with positive SCOFF-F (IBS+/ED+), IBS
+ with negative SCOFF-F (IBS+/ED-), IBS— with positive SCOFE-F
(IBS—/ED+) and IBS— with negative SCOFE-F (IBS-/ED-).

Statistical Analysis

Data are expressed as percentage (95% confidence interval) and
mean + SD. Characteristics were compared using Fisher’s exact
test for qualitative variables and Student t test for continuous
variables. Fisher’s test was used to compare groups of unequal
size when variances were not different. Associations were
considered statistically significant when p < 0.05. The analysis
was carried out using XlstatBiomed 19.5 2017.

RESULTS

Characteristics of IBS+ and IBS-

A total of 456 adults between 18 and 75 years old were included,
with 228 IBS+ and 228 IBS—: 53 men and 175 women in each
group. Mean age was 42.5 + 13.9 years.

In IBS+, the mean Bristol stool scale score was 4.4 + 1.8. IBS
was post-infectious in 14.9% and occurred after a stressful life
event in 64.5%. The mean IBS-SSS was 248.9 + 101.3, and quality
of life was altered with a mean GIQLI score of 78.9 + 21.8.

Comparisons of IBS+ and IBS-

SCOFEF-F questionnaire was positive in 25.4% (20.0-31.7) of IBS+
and in 21.1% (16.1-27.0) of IBS— (p = 0.27) (Table 1). A positive
SCOFF-F was more frequent in women than in men, 29.4% and
15.1% respectively, (p=0.02). A low BMI was more frequent in IBS+
than in IBS— while normal BMI was more frequent in volunteers
than in IBS patients (p < 0.0001, Table 1). Prevalence of anxiety and
depression was significantly higher in IBS+ [43% (36.5-49.7) and
14.0% (9.9-19.4) respectively] than in IBS— [24.7% (19.0-31.5) and
4.0% (1.9-8.1)] (<107°) (Table 1).

TABLE 1 | Characteristics of the 228 IBS+ and 228 IBS-.

IBS + n =228 IBS- n = 228 p

BMI (%) <0.0001
<18.5 15.7 1.3

18.5-24.9 50.9 64.0

25-29.9 17.5 241

>30 15.8 10.5

Positive SCOFF-F (%) 25.4 21.1 0.27
Male 17.0 13.2 0.59
Female 28.0 283.4 0.33
Anxiety (%) 43.0 24.7 <0.0001
Depression (%) 14.0 4.0 <0.0001

BMI, body mass index; IBS, irritable bowel syndrome; SCOFF-F, the French version of
SCOFF (Sick, Control, One stone, Fat, Food).

TABLE 2 | Comparison between IBS+ with positive and negative SCOFF-F.

IBS+/ED+ (n = 58) IBS+/ED-(n=170) p

Age (years) mean (SD) 42.4 (14.6) 42.9 (14.5) 0.80
Female (%) 84.5 741 0.15
Acute gastroenteritis prior to 12.1 15.9 0.67
onset of IBS (%)

Stressful life events (%) 77.6 60.0 0.02
IBS-SSS mean (SD) 264.5 (106.3) 243.4 (99.2) 0.19
GIQLI mean (SD) 73.1 (19.7) 80.8 (22.2) 0.02

IBS-SSS, IBS symptom severity score; GIQLI, validated Gastrointestinal Quality of Life
Index; IBS+/ED+, IBS with positive SCOFF-F; IBS+/ED-, IBS with negative SCOFF-F.

Comparison of IBS+ With or Without ED
(IBS+/ED+ Vs IBS+/ED-)

Age, gender, and symptomatic IBS profile were not significantly
different between IBS+ with positive or negative SCOFE-F
(Table 2). IBS patients with positive SCOFF-F had a
significantly poorer quality of life and more stressful life events
(p = 0.02 and p = 0.02) (Table 2).

Comparison of Depression and Anxiety
Prevalence According to the Presence of
IBS, ED, or Both

In our study, we analyzed four groups: IBS+/ED+ (n = 58),
IBS+/ED- (n = 170), IBS—/ED+ (n = 48), and IBS—/ED- (n =
180). The prevalence of anxiety and depression was significantly
higher in IBS+/ED+ than in IBS—/ED-, respectively (19.0% vs
1.9%, p = 0.0003, Figure 1, and 60.3% vs 19.7%, p < 0.0001,
Figure 2). There was no difference for anxiety and depression
between IBS+/ED— and IBS—/ED+.

DISCUSSION

To our knowledge, this is the first study, conducted in a large IBS
population, highlighting a similar prevalence of SCOFF-F screened
ED between IBS patients and healthy volunteers. The presence of
ED in IBS is associated with the risk of a previous stressful life event.
However, the SCOFF-F questionnaire, selected in this study for

ok

20.0% 19:0%
18.0% -
16.0%

'

14.0% -
12.0% +
10.0% -
8.0%
6.0% -

12.2% 12.4%

M Depression

4.0% -

2.0% -

0.0% - T
I1BS+/ED+ IBS-/ED+

1.9%

—

1BS-/ED-

IBS+/ED-

FIGURE 1 | Prevalence of depression according to IBS and SCOFF-F status.
IBS+/ED+, IBS with positive SCOFF-F; IBS+/ED-, IBS with negative SCOFF-F;
IBS-/ED-, Volunteers without IBS with negative SCOFF-F; IBS-/ED+,
Volunteers without IBS with positive SCOFF-F.
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FIGURE 2 | Prevalence of anxiety according to IBS and SCOFF-F status.
IBS+/ED+, IBS with positive SCOFF-F; IBS+/ED-, IBS with negative SCOFF-F;
IBS-/ED-, Volunteers without IBS with negative SCOFF-F; IBS-/ED+,
Volunteers without IBS with positive SCOFF-F.

practical reasons because it is simple, self-administered, and easy to
use, is a tool mainly for the detection of patients at risk of an ED, but
it is not a test for the formal diagnosis of an ED. Nevertheless, we
have previously demonstrated a correlation between positive
SCOFEF-F and the criteria of the Diagnostic and Statistical Manual
of Mental Disorders (DSM)-IV which is the validated diagnostic
classification for ED (20).

Our results are consistent with previous data reported in
students (24) showing no difference in the prevalence of ED
between IBS patients and healthy volunteers. This result suggests
that the prevalence of ED is not increased in IBS patients.

Our IBS population, with a predominance of women and
middle-aged patients, is comparable to that of published series. In
IBS patients, age, gender, and symptomatic IBS profile were not
predictive of a possible underlying ED. The lack of correlation
between age, gender, and risk of ED is an unexpected result since
young women are recognized as having an increased risk of ED,
at least in a population of students (25). The well-established
overrepresentation of women in the IBS population and the low
number of young patients in our series could explain this lack of
correlation. Nevertheless, in our IBS patients, high levels of
anxiety or depression and poor quality of life were associated
with the presence of ED. These results are in accordance with
those already reported in patients with ED (26). In this latter
population, both high anxiety levels and psychological
abnormalities are common and associated with functional GI
disorders, particularly IBS (5, 6). In ED patients, the presence of
IBS was also correlated with poorer quality of life (8).

Our study did not allow us to explain why the prevalence of
ED was similar in IBS+ and IBS— populations. Indeed, studies of
patients with ED have reported that an ED in childhood increases
the risk of further development of IBS (27). In the Perkins’ study,
most patients were treated for an ED prior to IBS, with a mean
delay of 10 years between the ED and the onset of IBS (9).

Nevertheless, we have demonstrated that IBS patients with ED
had impaired mental health with higher levels of depression and
anxiety than healthy volunteers. This result is in accordance with
observations made separately in IBS and ED studies.

Psychopathological profiles have already been associated with
the presence of digestive symptoms in ED (5, 6). IBS patients are
well known to have higher levels of anxiety and depression than
controls (11, 28). Anxiety and depression are able to increase GI
symptoms (29). In particular, depression has been shown to
increase postprandial symptoms (29). In these IBS and ED
populations and especially in patients with a combination of
both IBS and ED, anxiety and depression should be systematically
suspected and treated to allow better patient outcomes.

Our study has several important weaknesses: the SCOFE-F
questionnaire did not allow the complete characterization of ED;
there was a lack of prospective identification of IBS patients who
self-imposed severe food restriction, and a possible overestimation
of any association between ED and IBS as our results were
obtained in a tertiary care center. Nevertheless, its strength lies
in the fact that our data are based on a large cohort of IBS patients.

The present study serves as a warning not to overlook an
underlying ED, especially in IBS patients who are anxious or
depressed and who report previous stressful life events. This seems
particularly important in clinical practice when some regimens (i.e.
low-FODMAP diet, gluten-free diet) are increasingly discussed as a
first-line therapeutic option in IBS management (30). Indeed in a
recent IBS study, greater adherence to a low-Fermentable Oligo-, Di-,
Mono-saccharides And Polyols (FODMAP) diet was associated with
a positive SCOFF (31). Further investigation is required to explore
suitable therapeutic options for these patients with a combination of
IBS and underlying EDs associated with anxiety or depression and
poor quality of life.
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Functional dyspepsia is a common functional gastrointestinal disease that is characterized
by postprandial fullness, early satiation, epigastric pain, and/or epigastric burning. Eating a
meal is a key factor in the occurrence of symptoms during functional dyspepsia, and
patients frequently request dietary advice that could relieve these symptoms. Eating
behaviors, irregular meal patterns, and moderate-to-fast eating rates are significantly
associated with functional dyspepsia. The role of diet is complex; fat ingestion increases
the occurrence of symptoms in dyspeptic patients, which might be affected by cognitive
factors and palatability. Data concerning the role of carbohydrates are conflicting. Wheat
may induce symptoms in patients with nonceliac gluten/wheat sensitivity, and gluten-free
diets might be beneficial. Data concerning the role of FODMAPs (Fructo, Oligo, Di-,
Monosaccharides, And Polyols) in functional dyspepsia are lacking; however, as there is a
frequent overlap between functional dyspepsia and irritable bowel syndrome, a diet that is
low in FODMAPs might be useful in relieving some symptoms. Data concerning alcohol
are also conflicting. Adherence to a Mediterranean diet seems to be associated with a
decrease in dyspepsia symptoms. Finally, data concerning diet modifications are
conflicting, and the impact of diet modifications on symptom intensity or frequency has
never been reported in randomized prospective studies. Common sense dietary
recommendations, such as eating slowly and regularly, as well as decreasing the fat
content of meals, can be provided in daily clinical practice.

Keywords: functional dyspepsia, diet, eating behaviour, fat, gluten, FODMAPs, alcohol

INTRODUCTION

Functional dyspepsia is a common functional disease that affects up to 20% of the population, and it
is believed to originate from the gastro-duodenal region (1). According to the Rome IV criteria,
functional dyspepsia is defined by one or more of the following symptoms: bothersome postprandial
fullness, bothersome early satiation, bothersome epigastric pain, and/or bothersome epigastric
burning, with no evidence of structural diseases, including the use of an upper endoscopy (if
necessary), according to age, past history, or presence of alarm symptoms in the patient (2).
Symptoms must be present for at least 3 days a week during the last 3 months and must be chronic,
with an onset of at least 6 months before the diagnosis. Two subgroups of dyspepsia have been
identified. Postprandial distress syndrome is defined by bothersome postprandial fullness, such as
fullness that is severe enough to have an impact on typical activities, and/or bothersome early
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satiation, such as satiation that is severe enough to prevent the
completion of a regular size meal. Epigastric pain syndrome is
defined by bothersome epigastric pain and/or epigastric burning,
which are both severe enough to have an impact on usual
activities (2). In most patients, there is a temporal relationship
between meal ingestion and the occurrence of symptoms during
postprandial distress syndrome and during epigastric pain
syndrome, but also symptoms are not necessarily associated
with a meal, as pain can be induced or relieved by the
ingestion of a meal or may occur during fasting (2).

FUNCTIONAL DYSPEPSIA AND MEAL
INGESTION

Meal ingestion is clearly a triggering factor of the symptoms in
dyspeptic patients. In a cohort of 218 patients with functional
dyspepsia, Bisschops et al. demonstrated that the intensity of
dyspeptic symptoms occurred rapidly (within 15 min) after
ingestion of a test meal and remained elevated until the end of
the measurement period (4 h) (3). The time course of the
development of the individual symptoms varied, with early peaks
for fullness and bloating, intermediate peaks for nausea and
belching, and late peaks for pain and burning (3). Meal-induced
aggravation of symptoms was reported by 79% of patients and was
not associated with a decrease in the gastric-emptying rate, as only
20% of the patients had a delayed gastric emptying. These results
suggest that factors other than gastric motility may explain the
development of symptoms. Hypersensitivity to gastric distension
has been demonstrated as one of the key pathophysiological factors
in patients with functional dyspepsia during fasting and during the
postprandial period (4, 5). In this latter, gastric distension was
demonstrated to induce more intense symptoms in patients than in
control individuals and to reproduce spontaneous symptoms. The
highest symptom severity scores were obtained for postprandial
fullness and bloating, whereas the lowest score was obtained for
epigastric burning (5). Gastric distension was also associated with
impaired gastric accommodation to meals (5). Finally, Di Stefano et
al. demonstrated that, in comparison to healthy controls, gastric
postprandial hypersensitivity and relationship between symptoms
intensity and postprandial discomfort threshold were significant
only in patients with postprandial distress syndrome and not in
patients with epigastric pain syndrome (6). As eating a meal is a key
factor in the occurrence of symptoms during functional dyspepsia,
patients frequently request dietary advice that could relieve
these symptoms.

EATING BEHAVIOR AND FUNCTIONAL
DYSPEPSIA

In normal conditions, meal ingestion induces fundic
accommodation with subsequently slow contractions, antral
contractions, and finally, gastric emptying. As it has been
previously reported, gastric fundic accommodation, as measured

by an electronic barostat, is significantly impaired in patients with
functional dyspepsia (5). A rapid drinking test, which is a
noninvasive test, has been proposed as a diagnostic method to
evoke the symptoms of functional dyspepsia, and it has been
shown that the occurrence of dyspeptic symptoms is related to
impaired gastric accommodation (7). In the daily lives of patients,
abnormal eating behaviors, such as rapid or large volume meal
ingestion (conditions that are reproduced during the rapid
drinking test), may overload the gastric accommodation process,
thus generating symptoms. In small cohorts of patients, the results
have been conflicting, with some authors observing a relationship
with dietary patterns, such as eating quickly, and the occurrence of
symptoms (8, 9), whereas other authors have not observed this
relationship (10). Recently, in a large cohort of 4,763 Iranian
adults, and through the use of the technique known as latent class
analysis (which is a person-centered approach that provides a
unique opportunity to classify individuals according to behavioral
subclasses), Keshteli et al. (11) found a prevalence of dyspepsia of
15.2%. Furthermore, these authors could identify that irregular
meal patterns [odds ratio (OR): 1.42; 95% CI: 1.12-1.78] and
moderate-to-fast eating rates (OR: 1.42; 95% CI: 1.15-1.75) were
significantly associated with chronic uninvestigated dyspepsia.
Meal-to-sleep intervals and intrameal fluid intake, which were
the other two domains that were investigated, were not associated
with dyspepsia (11). This study has some limitations as the
evaluation of patients was made only by questionnaire, the use
of translated modified Rome III questionnaire, and the lack of
systematic endoscopic evaluation, but it confirms the observations
that were made during the provocative tests. The physiology of
food intake is complex; besides gastric distension induced by
volume of meal ingestion, meal temperature may also modify
gastric perception as cold temperature may induce smooth muscle
contraction (12). In a small study of patient with epigastric pain
syndrome, Wang et al. (13) demonstrated that gastric perfusion
with an 8°C liquid induced significant gastric contraction and
decreased gastric sensory threshold in comparison to a 37°C liquid
infusion. Even if no interventional studies have been reported so
far, we can still recommend that patients eat slowly (which is
probably more important in the subgroup of patients with delayed
gastric emptying) and regularly and probably avoid cold
liquid ingestion.

NUTRIENTS AND FUNCTIONAL
DYSPEPSIA

Fat

Dietary fat is ingested in a number of different forms, depending
on the type of food that is eaten (i.e., extracellular vs. intracellular
fat), the meal temperature (solid fat vs. oil), and the proportion of
fat ingested with other macronutrients. A high-fat diet is
frequently associated with high carbohydrate content or high
protein content. In normal conditions, a high-fat meal is
associated with a decrease in the gastric emptying rate (14). A
prospective cross-sectional study that was performed in delegates
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attending a conference on four consecutive days demonstrated
that a low-fat, low-calorie dinner induced significantly fewer
symptoms than a high-calorie dinner (15). During a mechanistic
study with gastric distension, intraduodenal fat infusion, but not
an infusion with carbohydrates, induced a greater intensity of
symptoms in dyspeptic patients (16). In an experimental
condition with a similar calorie intake, a high-fat meal induced
more symptoms than a high-carbohydrate meal in dyspeptic
patients, with symptoms including nausea, bloating,
postprandial fullness, and epigastric pain (17). Carvalho et al.
(18) reported no differences in the total caloric intake between 41
patients with functional dyspepsia and 30 healthy controls;
however, these authors found a significant reduction in fat
intake (28% vs. 34%). These results were not confirmed by
other authors (19). Cognitive factors may also contribute to
the occurrence of symptoms by fat ingestion in patients with
functional dyspepsia. In a randomized study, Feinle-Bisset et al.
demonstrated that high-fat foods elicited more symptoms than
low-fat foods; however, low-fat foods elicited similar symptoms
if the patients perceived these foods to be high-fat foods even if
they were not (20). Finally, meal palatability may also interfere
with the occurrence of symptoms (21). No interventional study
testing the long-term effects of a low-fat diet on symptoms has
been reported so far. It is likely that dyspeptic patients, especially
patients with severe symptoms, have determined for themselves
that lipids can increase their typical symptoms. Therefore, these
patients will spontaneously decrease their degree of fat ingestion;
if they do not adjust their diet, then a low-fat diet could
be recommended.

Proteins and Gluten

No study has reported a relationship between symptoms and the
intake of proteins. Functional symptoms, irritable bowel
syndrome (IBS), and dyspepsia are frequent occurrences in
patients with celiac disease, with an OR of 4.48 for biopsy-
proven celiac disease in patients fulfilling the Rome criteria for
IBS (95% CI: 2.33-8.60) (22). However, the risk of celiac disease
in patients with functional dyspepsia does not seem to be
increased (23). Conversely, during an observational study in a
cohort of 85 patients with diagnosed celiac disease, 27% of the
patients fulfilled the criteria of functional dyspepsia upon
inclusion, and only 8% of the patients remained dyspeptic after
consuming a gluten-free diet for 1 year (24). More recently, the
concept of nonceliac gluten/wheat sensitivity has emerged in the
literature (25). Nonceliac gluten/wheat sensitivity is a syndrome
that is characterized by intestinal and extra-intestinal symptoms
related to the ingestion of gluten-containing food, and this
syndrome occurs in subjects who are not affected by either
celiac disease or wheat allergies (26). Dyspeptic symptoms are
frequent in patients with nonceliac gluten/wheat sensitivity, with
approximately 50% of patients having reported nausea or
epigastric pain in an Italian cohort (27) and 31.3% in an
Australian cohort (28). Patients having dyspepsia reported
more frequently symptoms of postprandial distress syndrome
(26%) than epigastric pain syndrome (17%), and differences for
both subtypes were significant in comparison to the control

group (postprandial distress syndrome: OR 2.98, CI 95%: 2.34-
3.79; epigastric pain syndrome: OR 3.17, CI 95%: 1.31-3.50) (28).
In these patients, Elli et al. demonstrated that, during a double-
blind crossover study, gluten-free diets induced a significant
decrease in postprandial fullness, early satiety, and epigastric
pain (29). However, this study has some limits as symptoms were
evaluated by visual analogic scale and not specific questionnaire,
and also in the whole group of patients and not only in those
identified with isolated dyspeptic symptoms. However, there is
increasing popularity in the general population that a gluten-free
diet may be “healthier,” despite a lack of evidence to support this
notion, as 8%-16% of the western population adheres to a
gluten-free diet, which has resulted in a gluten-free food
industry boom of an estimated $6 billion per year (25). The
long-term nutritional impact of a gluten-free diet is still a matter
of debate; adults adhering to a gluten-free diet did not consume
enough nutrient-dense foods to meet all nutritional
recommendations (30). Also, some patients who begin
avoiding dietary gluten with the intention of improving their
health and well-being may ultimately progress to develop
pathologically obsessive behaviors regarding their diet (30).
Results of well-conducted, randomized, controlled clinical
trials testing the effects of gluten-free diet in dyspeptic patients
are still lacking to clearly recommend such diet in patients. In
daily clinical practice, if a diagnosis of celiac disease has been
ruled out with a negative test of anti-transglutaminase antibodies
and if a dyspeptic patient asks for the efficacy of gluten-free diet,
then a short (4-8 weeks) gluten-free diet test period could be
suggested, but this diet should be continued only if the symptoms
decrease significantly according to patient's perception with a
good clinical evaluation.

Carbohydrates

Only three studies have examined the relationships between
carbohydrates and dyspeptic symptoms, with conflicting
results. One study reported a lower carbohydrate intake being
associated with the occurrence of symptoms (31), which was
possibly related to the lower energy intake that was reported in
this study. Another study reported a daily intake of
carbohydrates in dyspeptic patients in comparison to controls
(230 vs. 199 g/day), but the difference was not significant (18),
and one study reported no relationship between symptoms and a
high-carbohydrate meal (17). Thus, no specific recommendation
can be made.

FODMAPS AND FUNCTIONAL DYSPEPSIA

FODMAPs (Fructo, Oligo, Di-, Monosaccharides And Polyols)
are poorly absorbable and highly fermentable substances that
may induce bloating and gas sensations, which are common
symptoms in dyspepsia, even if they do not specifically appear in
the Rome IV diagnostic criteria. By using specific dietary
questionnaires, it has been shown in several studies that
dyspepsia is associated with grain/pasta/wheat products, soft
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drinks/carbonated drinks, fruit/fruit juice/watermelon, milk, and
takeout/processed foods (e.g., pizza/fried foods) (32). Most of
these foods contain a large proportion of FODMAPs. Several
studies have clearly demonstrated that a low-FODMAPs diet
significantly decreases symptoms in IBS patients (33). The
overlap between IBS and dyspepsia is frequent and, in daily
clinical settings, the overlap of both of these syndromes has
occurred in 64% in patient questionnaires vs. 23% in routine
clinical documentations (34). Thus, this overlap appears to be a
normal occurrence, rather than an exception. However, the
intensity of dyspeptic symptoms has never been specifically
reported during the clinical studies that reported a beneficial
effect of a low-FODMAPs diet in IBS patients (33). Indeed,
further randomized studies that are specifically performed with
dyspeptic patients are needed to recommend a low-FODMAPs
diet in dyspeptic patients as during IBS. However, it could be
suggested in some dyspeptic patients with IBS symptoms and/or
bloating, with a 4- to 8-week test period.

ULTRA-PROCESSED FOODS AND
FUNCTIONAL DYSPEPSIA

Ultra-processed foods (UPFs) are industrial formulations that
are usually made from substances derived from foods and
additives by using a multitude of sequential processes to create
the final product (hence the term “ultra-processed”). UPFs are
typically branded, convenient (durable and ready to consume),
and hyperpalatable food products that tend to displace fresh or
minimally processed foods, as well as freshly prepared dishes and
meals. UPFs are characterized by a high density of saturated fatty
acids, sugars, and sodium, as well as a low content of fiber. In a
large cohort of 33,343 subjects from the web-based NutriNet-
Santé cohort who responded to dietary and Rome III
questionnaires, Schnabel et al. demonstrated that the
proportion of UPFs in the diets was not associated with
symptoms in subjects who had pure functional dyspepsia (OR:
1.066; 95% CI: 0.97-1.16), whereas it was significantly associated
with symptoms in patients who had IBS (OR: 1.09; 95% CI: 1.04-
1.14) and in patients with associations of both IBS and functional
dyspepsia (OR: 1.14; 95% CI: 1.05-1.24) (35). No interventional
studies have been reported; however, we can recommend that
not only patients but also the whole population should decrease
the intake of UPFs, which also include additives, contact
material, or neo-formed contaminants frequently not or poorly
detailed in their formula (35), and should increase the intake of
fresh and tasty foods.

ALCOHOL AND FUNCTIONAL DYSPEPSIA

Alcohol interferes with normal gastric physiology. Alcohol can
increase gastric acid secretion, with low doses accelerating gastric
emptying and high doses delaying gastric emptying (36). When
considering the effects of alcohol on dyspepsia, the results are

also conflicting. Some studies have not demonstrated any
relationship between the occurrence of new dyspeptic
symptoms and the severity of dyspepsia, postprandial distress
syndrome, or epigastric pain syndrome (regardless of the
subgroups) (37, 38). On the other hand, a large cohort study
demonstrated that in 4,390 subjects, there was a relationship
between the consumption of greater than seven alcoholic drinks
a week and dyspeptic symptoms (OR: 2.3; CI 95%: 1.1-5.0) (39).
Thus, it is difficult to determine if alcohol induces or not
dyspeptic symptoms. As chronic alcohol consumption is not
healthy, we can recommend decreasing the level of alcohol
consumption in dyspeptic patients, as in all other conditions,
with a maximum intake of 10 units a week in both men and
women according to the WHO recommendations (40).

SPICY FOODS

Capsaicin is the active component of spicy foods (chili, red
pepper ...). It has a dual effect with first activation of C-afferent
fibers, sensitization that increases symptoms, followed by
desensitization that decreases symptoms. Capsaicin test, that is,
ingestion of 0.75 mg capsule of capsaicin, has been proposed as a
simple diagnostic test to reproduce symptoms in the subgroup of
dyspeptic patients with gastric chemosensitivity (41, 42). A
randomized study with only 30 patients (15 in each group)
demonstrated that oral supplements with 2.5 g red pepper
powder during 5 weeks induced a significant decrease in
dyspeptic symptoms overall and also epigastric pain or
fullness; two patients of the red pepper group had to rapidly
stop the study because of an increase of abdominal pain (43).
There is no sufficient convincing clinical data to recommend the
chronic ingestion of spicy foods to decrease symptoms in
dyspeptic patients; however, we can strongly recommend
avoiding occasional intake of spicy foods, which probably
could increase symptoms.

COFFEE AND FUNCTIONAL DYSPEPSIA

Coffee consumption increases gastric acid secretion (44). Coffee
consumption has also been found to induce dyspeptic symptoms
(8, 18, 44), whereas in one study, no association was found (37).
Thus, it is difficult to conclude on the effects of coffee consumption
on dyspeptic symptoms, but patients have been observed to
frequently and spontaneously decrease coffee consumption.

IS THERE A GOOD DIET FOR DYSPEPTIC
PATIENTS?

The relationships between diet and dyspepsia complaints are
complex and, except for fat, no clear reccommendations based on
randomized trials can be proposed to patients. Common sense
advice can be provided to the patients, with recommendations
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TABLE 1 | Common sense dietary recommendations that could be provided to
patients with functional dyspepsia.

Eat slowly and regularly.

Decrease fat intake.

Try to observe a diet that is more similar to a Mediterranean diet or increase the
intake of fresh foods and decrease the intake of ultra-processed foods.
Decrease coffee and alcohol consumption.

A gluten-free diet and a low-FODMAPs diet could be tested over a short time
period (4-8 weeks) and must be stopped if there is no efficacy.

Be careful in providing strong recommendations to obsessive patients, and avoid
the recommendation of very restrictive diets.

No interventional studies have been reported thus far.

including slow and regular eating, decreasing fat intake, possibly
testing a gluten-free diet or a low-FODMAPs diet over short-
term periods, avoiding coffee, and having a low alcohol intake
(Table 1). Recommendations in observing a Mediterranean diet
could also likely be performed. A Mediterranean diet is
considered to be a complex set of eating habits adopted by
people in countries bordering the Mediterranean Sea. This diet
includes a high consumption of olive oil, fiber-rich foods, milk,
or dairy products, in addition to a low consumption of meat or
meat-based products. In the last few years, this dietary regimen
has been proposed as a health-protective diet because
populations who have adopted it exhibit a remarkable
reduction in all-cause mortality, especially from cardiovascular
diseases and cancer, and when compared to the United States or
Northern European countries. Recently, via the use of a
questionnaire that measured adherence to a Mediterranean
diet, Zito et al. (45) demonstrated that in a population of 1,134
subjects, a lower adherence to a Mediterranean diet was
significantly associated with the occurrence of dyspepsia
(adherence score: 0.56 = 0.24) and of IBS (adherence score:
0.57 £ 0.23), in comparison to controls (adherence score: 0.62 +
0.21), mainly in the 17-24 and 25-34 age groups. With
increasing age, patients have tended to adopt dietary regimens
that are more similar to Mediterranean diets and, consequently,
have fewer symptoms. From this observational study, it cannot
be concluded if Mediterranean diet will decrease symptoms by
itself or if it has a preventive effect on the occurrence of
dyspeptic symptoms.
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FUNCTIONAL DYSPEPSIA

In patients with functional dyspepsia, weight loss is considered
an alarm sign that much leads to complementary examinations
(2). However, in dyspeptic patients referred to tertiary referral
centers, weight loss >5% is not exceptional as it can occur in
around 40% of patients with epigastric pain syndrome as well as
postprandial distress syndrome (46). In this study, weight loss
was significantly higher in patients with early satiety and
vomiting. It is highly probable that weight loss occurred
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approach is limited, and specialized advice with dietician must be
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CONCLUSION

Food is clearly a triggering factor for dyspeptic symptoms in the
majority of patients. However, the relationships between
nutrients, except for fat, or other specific foods and the onset
or intensity of dyspeptic symptoms have been poorly evaluated,
and there is a lack of high-quality evidence to guide dietary
therapies in functional dyspepsia. The effects of a gluten-free diet
or a low-FODMAPs diet could be tested during interventional
studies. Large cohort studies are also necessary to better identify
the relationships between food and dyspepsia. As no clear
recommendations are available, only common sense dietetic
recommendations can be provided during daily clinical
practice (Table 1). However, we must be very cautious, as
some obsessive patients may observe very restrictive diets
inducing nutritional deficiency.
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Visceroception is a complex phenomenon comprising the sensation, interpretation, and
integration of sensations along the gut-brain axis, including pain or defecatory urgency.
Stress is considered a crucial risk factor for the development and maintenance of
disorders of gut-brain signaling, which are characterized by altered visceroception.
Although the broad role of stress and stress mediators in disturbed visceroception is
widely acknowledged, the putative contribution of chronic stress to variations in normal
visceroception remains incompletely understood. We aimed to elucidate the role of
chronic stress in shaping different facets of visceroception. From a well-characterized,
large sample of healthy men and women (N = 180, 50% female), volunteers presenting
with low (n = 57) and elevated (n = 61) perceived chronic stress were identified based on
the validated Trier Inventory for Chronic Stress (TICS). Visceral sensitivity together with
perceived and recalled intensity and defecatory urgency induced by repeated rectal
distensions was experimentally assessed, and compared between low and elevated
stress groups. Subgroups were compared regarding state anxiety and salivary cortisol
concentrations across experimental phases and with respect to psychological measures.
Finally, in the full sample and in chronic stress subgroups, a recall bias in terms of a
discrepancy between the perception of experimentally-induced symptoms and their recall
was tested. Participants with elevated chronic stress presented with increased state
anxiety and higher cortisol concentrations throughout the experimental phases compared
to the group with low chronic stress. Group differences in visceral sensitivity were not
evident. The elevated stress group perceived significantly higher urgency during the
stimulation phase, and recalled substantially higher feelings of urgency induced by rectal
distensions, while perceived and recalled intensity were comparable between groups.
Volunteers with elevated stress exhibited a recall bias in terms of a higher recall relative to
mean perception of urgency, whereas no such bias was observed for the intensity of
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experimental visceral stimulation. Our findings in healthy men and women provide first
evidence that the troublesome symptom of urgency might be particularly modifiable by
chronic stress and support the relevance of memory biases in visceroception. These
results may help to disentangle the impact of chronic stress on altered visceroception in
disturbances of gut-brain communication.

Keywords: chronic stress, visceroception, gut-brain axis, visceral pain, urgency, recall bias, memory

INTRODUCTION

Visceroception is defined as the perception and processing of
interoceptive signals arising from visceral organs (1, 2).
Importantly, visceroception is not fully captured by visceral
sensitivity alone, which primarily reflects sensory-
discriminative aspects of perception. It is rather conceptualized
more broadly as a specific facet of interoception, involving the
sensation, interpretation, and integration of visceral signals (2)
along the gut-brain axis. The complex affective-motivational and
cognitive dimensions of visceroception shape gastrointestinal
(GI) symptom perception, including visceral pain and
defecatory urgency, in healthy individuals as well as in patients
with chronic GI symptoms (3). The clinical relevance of
disturbed visceroception is particularly evident in the context
of disorders of disturbed gut-brain interactions, like irritable
bowel syndrome (IBS) and functional dyspepsia. Altered GI
symptoms perception, involving visceral hyperalgesia and
hypervigilance, plays a pivotal role in their pathophysiology
and treatment. However, the complex mechanisms underlying
altered visceroception remain incompletely understood,
especially with respect to psychological modulation.

As a crucial psychological factor, stress plays a broad role in
disorders of disturbed gut-brain interactions (4-6). This has
most clearly been underscored by evidence that acute stress or
stress mediators of the hypothalamus-pituitary-adrenal (HPA)
axis increase visceral sensitivity and neural processing of visceral
stimuli in patients (7) but also in healthy volunteers (8). Chronic
stress burden has been identified as an important risk factor for
disease onset (9), and for the exacerbation of GI symptoms,
particularly of visceral pain in patients with IBS (10, 11).
Importantly, symptom burden in patients is often not limited
to pain, but also involves defecatory urgency as a highly
troublesome symptom in a broad range of GI conditions (12-
14). Psychological modulation of defecatory urgency has
previously been proposed (15), and our own recent data
suggested that acute stress amplified nocebo effects especially
for the symptom of distension-induced urgency more so then the
symptom of pain in healthy volunteers (16). While together these
findings clearly support a role of acute as well as chronic stress in
different dimensions of visceroception, experimental work
particularly on effects of chronic stress remains scarce.

Building on our earlier work on the modulation of
visceroception by acute stress and stress mediators (7, 8, 16),
we herein aimed to elucidate the putative role of chronic stress in
different clinically-relevant facets of normal visceroception.

From a large sample of well-characterized healthy men and
women that underwent rectal sensitivity testing and repeated
painful rectal distensions as part of a larger study (16, 17), we
compared individuals with elevated and low perceived chronic
stress with respect to sensory and pain thresholds and rectal
distension-induced symptom reports of pain and urgency. We
hypothesized that individuals with elevated levels of stress would
reveal increased sensitivity, as reflected by lower thresholds for
graded distensions of the rectum as well as higher pain and
urgency ratings in response to individually-calibrated repeated
distensions. In addition to analyses of symptom reports based on
individual distensions, we also elucidated overall symptom recall
based on a retrospective symptom rating. This was accomplished
given evidence that retrospective overall symptom ratings may
be more susceptible to psychological modulation, especially in
patients with IBS (18). Given our interest in visceral pain-related
memory effects (8, 19-22), together with evidence supporting the
role of reporting bias in IBS (23), we introduced a new “memory
bias” measure. This measure was based on the difference between
perceptual ratings of individual distensions and retrospective
overall ratings, the former being presumably more reflective of
sensory-discriminative facts of visceroception, the latter possibly
more prone to psychological modulation, both with relevance to
collective symptom reporting in experimental and clinical trials
as well as clinical practice.

METHODS

Participants

From a well-characterized large sample of young healthy men
and women (N = 180; 90 women), tertiles based on the validated
Trier Inventory for Chronic Stress (TICS) were identified. The
top and bottom tertile were chosen to define participants with
low and elevated perceived chronic stress, as detailed below, and
included in the current analysis. Participants had been recruited
through local advertisements for the primary study on the
modulation of placebo and nocebo effects by acute
experimental stress (16) or relaxation (17) in visceral pain.
They had been informed that the aim of the study would be to
investigate psychological mechanisms underlying effects of
different drugs on experimentally-induced visceral symptoms.
Of note, all measures included in the current analyses were
assessed prior to randomization of participants for subsequent
experimental manipulations. They served as baseline measures in
the primary studies, and observations reported herein were
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therefore independent of subsequent manipulations. Participants
were excluded according to the following criteria: age < 18 or > 65
years, body mass index (BMI) < 18 or > 30, a history of or acute
medical and psychiatric conditions and current medication use
except for hormonal contraceptives, thyroid medication, and
occasional use of over-the-counter pain or allergy medication.
Moreover, subclinical gastrointestinal (GI) symptoms
experienced during a 3 month period preceding study
participation were measured using a standardized in-house
questionnaire (24). As in our prior studies (19, 21, 24) a cut-off
score of 11 was used as an indicator of a putative undiagnosed
gastrointestinal condition, which led to exclusion from study
participation. Only women using hormonal contraception were
included and pregnancy was ruled out on the study day with a
commercially available urinary test. All participants underwent a
physical examination to exclude perianal tissue damage (e.g.,
fissures or painful hemorrhoids), which might interfere with the
experimental procedure. Participants gave written informed
consent and received 200€ for their participation. The study
protocol was approved by the local ethics committee (protocol
number 13-5565-BO) and followed the provisions of the
Declaration of Helsinki.

Experimental Design and Study
Procedures

An overview over the experimental design and the study
procedures relevant to the current analyses is given in
Figure 1. All experimental procedures were conducted between
12:00 and 18:00 h to account for effects of the circadian rhythm.
Initially, an inflatable balloon attached to a pressure-controlled
barostat system (modified ISOBAR 3 device; G & ] Electronics,
ON, Toronto, Canada) was placed 5 cm from the anal verge, for
the application of rectal distensions. Rectal sensory and pain
thresholds were determined using a double-random staircase
distension protocol with random pressure increments between 2
and 6 mmHg and a maximal distension pressure of 55 mmHg.
Participants rated each sensation on a Likert-type scale labeled

Thresholding

TO ™

1 = no perception, 2 = doubtful perception, 3 = sure perception,
4 = little discomfort, 5 = severe discomfort, and 6 = pain, not
tolerable distension. The sensory threshold was defined as a
pressure when ratings changed from 2 to 3 and the pain
threshold was determined at the change from 5 to 6. The
individual pain threshold was used as an anchor for a
subsequent pressure calibration to identify a moderately
painful intensity for the repeated application of rectal
distensions. Specifically, a pressure corresponding to a pain
intensity rating not higher than 80 on a visual analog scale
(VAS) with endpoints labeled 0 = none at all and 100 = very
much was identified, as previously described (16). This intensity
was used for the subsequent stimulation phase, during which six
rectal distensions with a duration of 30 s and a rest interval of 30
s following each stimulus were applied. Salivary cortisol
concentrations and state anxiety as measures of acute stress
and arousal were collected at different time points across the
experimental phases and ratings of stimulus intensity and
urgency perception and recall as different facets of
visceroception were assessed, as detailed below.

Measures of Visceroception

In addition to sensory and pain thresholds, mean scores of trial-
by-trial VAS ratings of stimulus intensity and urgency
perception and ratings of overall recalled intensity and urgency
induced by the experienced rectal distensions during the
stimulation phase were assessed as measures of visceroception.
Specifically, during the stimulation phase, participants were
prompted to rate the intensity of each distension and the
urgency it induces on separate VAS with endpoints labeled
“none” (0) and “very much” (100) for intensity and “none (0)
and “very high” (100) for urgency. Following the stimulation
phase, participants were asked to recall the overall intensity of
and urgency induced by the experienced distensions using
separate VAS. In order to elucidate a potential memory bias in
visceroception in terms of a deviation of recalled from mean
perceived visceral sensations, delta values between perceived and

Stimulation phase
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VASperception VASrecai
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FIGURE 1 | Study design and experimental procedures. Twenty-four hours prior to study participation (T0), a salivary cortisol sample was collected as a baseline
measure unaffected by the experimental procedure. On the study day, salivary cortisol and state anxiety were assessed upon arrival (T1), before (T2), and after (T3)
the stimulation phase. Visual analog scale (VAS) ratings of intensity and urgency perception were acquired during the stimulation phase. At the conclusion of the
experimental phase, VAS ratings assessing intensity and urgency recall were accomplished.
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recalled intensity and urgency were calculated, respectively, to
test for recall biases in measures of visceroception.

Assessment of State Anxiety and

Salivary Cortisol

Twenty-four hours prior to the study appointment (time point
TO0), a baseline salivary cortisol sample was collected by
participants in their home environment, using Salivettes
(Sarstedt, Niirnbrecht, Germany), and stored at 4°C until
transport to the laboratory on the study day. On the study day,
salivary cortisol as a marker of acute stress and HPA axis
activation was collected upon arrival (T1), following the
thresholding procedure before the stimulation phase (T2), and
after the stimulation phase (T3). As a self-report measure of
acute arousal, state anxiety was assessed at time points T1-T3
along with cortisol sample collection, using the state version of
the validated State Trait Anxiety Inventory (STAI-S) (25, 26).
Saliva samples were centrifuged (2,000 rpm, 2 min, 4°C) and
stored at —20°C until analysis. Cortisol concentrations were
measured using an enzyme-linked immunosorbent assay
(ELISA; IBL International, Hamburg, Germany) in accordance
with the manufacturer’s protocol with a detection limit at 0.138
nmol/L.

Assessment of Chronic Stress and
Identification of Stress Subgroups

Following informed consent, participants completed the
validated Trier Inventory for Chronic Stress (TICS) screening
scale (27). The self-assessment instrument allows an evaluation
of individual experiences with chronic stressors in everyday life,
providing a reliable global measure of perceived stress during
the previous 3 months with a Cronbach’s o of .91 (28). Each of
the 12 items is scored on a five-point Likert-scale as “never” (0),
“rarely” (1), “sometimes” (2), “often” (3), and “very often” (4
points). The total score ranges from 0 to 48 points, expressing
the subjectively perceived presence and frequency of chronic
stressors. Norm values from healthy volunteers are available
(22), with a mean TICS score of 13 corresponding to T = 50.
TICS sum scores were used herein to evaluate overall perceived
chronic stress and to allocate participants to a subgroup with
low or elevated chronic stress. This was accomplished by
subdividing participants into tertile subgroups based on TICS
scores. Participants in the top tertile were defined as an elevated
stress subgroup, the bottom tertile as a group with low
chronic stress.

Questionnaires

In addition to TICS for the assessment of chronic stress,
participants completed the following comprehensive
questionnaire battery for a characterization with respect to
psychological factors of putative relevance to both, stress, and
visceroception: The trait version of the State Trait Anxiety
Inventory (STAI-T) (25, 26) for the assessment of trait anxiety
(sum scores between 20 and 80), the Pain-Related Self

Statements Scale (PRSS) (29) to measure pain-related
cognitions in terms of maladaptive pain catastrophizing and
adaptive pain coping (sum scores ranging from 0 to 45,
respectively), and the Generalized Self-efficacy (GSE) Scale (30)
to assess optimistic self-beliefs to cope with life demands (total
scores 10-40) as a marker of resilience to stressors.

Statistical Analyses

All statistical analyses were performed using IBM SPSS version
25 (IBM Corporation, Armonk, NY, USA). As described above,
participants were stratified based on the level of perceived
chronic stress, allowing to define and compare groups with
low and elevated perceived chronic stress. Notably, due to this
stratification strategy, the investigated samples displayed non-
normal distribution in some of the relevant outcome measures,
as evidenced by significant Kolmogorov-Smirnov tests.
However, no outliers were detected in either sample. Given
sufficient sample sizes and the robustness of parametric
statistical approaches under these circumstances, parametric
tests were performed. Accordingly, stress subgroups were
compared with respect to sociodemographic and
psychological characteristics using two sample t-tests or chi
square test where appropriate. Group comparisons of sensory
and pain thresholds as measures of visceral sensitivity, as well
as baseline cortisol (T0) were accomplished using two sample t-
tests. Repeated measures ANOVA with the within-group factor
time and the between-group factor stress subgroup were applied
to analyze state anxiety and salivary cortisol concentrations on
the study day (T1-T3). Independent sample t-tests were further
conducted for group comparisons of mean perceived and
recalled measures of visceroception, as assessed with VAS. In
addition, bias scores based on the difference between perceptual
and retrospective ratings were entered into one sample t-tests
for effects in the full sample and into two sample t-tests for
stress subgroup comparisons. To account for a possible impact
of acute stress and arousal on effects of chronic stress on
visceroception, analyses of covariance (ANCOVA) with mean
cortisol concentrations and mean state anxiety scores as
covariates were additionally conducted for measures of
visceroception. Further, to address possibly divergent effects
of chronic stress on measures of visceroception in men and
women, interactions between the factors sex and stress subgroup
were explored using ANOVA. Finally, to confirm the specificity
of findings to chronic stress, stepwise multiple regression
analyses (probability to enter <.05, probability to
remove >.10) were performed in the full sample, entering
TICS scores as a measure of perceived chronic stress together
with closely related psychological traits, such as trait anxiety,
pain coping, and self-efficacy, as predictors of variance in
visceroceptive markers. Results from ANOVA and ANCOVA
are reported with Greenhouse-Geisser correction to account for
a possible violation of the sphericity assumption and results
from post hoc t-tests were Bonferroni corrected for multiple
comparisons where appropriate. Alpha level was set at p < .05,
exact two-tailed p values are reported and T]PZ, Cohen’s d, or
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Cramer’s V are provided as indicators of effect size, respectively.
All descriptive statistics are reported as mean + standard error
of the mean (SEM), unless indicated otherwise.

RESULTS

Sample Characterization

A characterization of the full sample and comparisons of stress
subgroups with respect to sociodemographic and psychological
measures are summarized in Table 1. TICS scores in the full
sample indicated an average level of perceived chronic stress
according to available norm values (28). The mean score in the
low stress group corresponded to an average level of chronic stress
within a lower range in a healthy population. The elevated stress
group presented with mean TICS scores above average, confirming
the stratification strategy and the identification of healthy volunteers
with low and elevated levels of perceived chronic stress.
Accordingly, chronic stress scores were substantially higher in the
elevated chronic stress group. Subgroups were comparable
regarding age, BMI, and distribution of men and women.
Participants with elevated stress presented with increased trait
anxiety, lower self-efficacy, and reported more catastrophizing
cognitions when coping with pain, whereas groups did not differ
regarding the use of active pain coping.

Salivary Cortisol and State Anxiety

Baseline cortisol concentrations 24 h prior to the study appointment
(T0) were significantly increased in the group with elevated chronic
stress (13.29 + 1.24 nmol/l) relative to individuals with low
perceived chronic stress (10.09 + 0.72 nmol/l; ¢t = 2.24; p = .027;
d = .042). Analysis of cortisol concentrations on the study day (T1-
T3) revealed a significant effect of stress subgroup (F = 6.60; p = .011;
r]P2 = .054), which was attributable to higher cortisol levels across
the experimental phases in participants with elevated perceived
chronic stress (Figure 2A). No effect of time was evident (p = .372).
Analysis of state anxiety also demonstrated a significant effect of
stress subgroup (F = 19.76; p < .001; npz = .146), with higher state
anxiety in the elevated stress compared to the low stress group
(Figure 2B). No effect of time was observed (p = .257).

Visceroception in Subgroups With Low
and Elevated Chronic Stress

Sensory and Pain Thresholds

Analyses of sensory and pain thresholds in individuals with
elevated and low perceived chronic stress revealed comparable
thresholds for both, first sensation (p = .789; Figures 3A, C) and
pain (p = .794; Figures 3B, D). Controlling for state anxiety and
salivary cortisol concentrations did not affect these results (data
not shown).

TABLE 1 | Characterization of the full sample and chronic stress groups with respect to sociodemographic and psychological variables.

Full sample Low stress
N =180 n =57

Female (n, %) 90 (50%) 29 (50.9%)
Age 26.38 + 0.45 27.23 +0.92
BMI 23.29 + 0.21 23.40 + 0.36
Chronic stress (T) 17.58 + 0.65 (55) 7.93 + 0.49 (44)
Trait anxiety 36.03 + 0.64 29.81 + 0.67
Pain catastrophizing 1.88 + 0.06 1.45 + 0.09
Active pain coping 3.41 £ 0.06 3.46 + 0.11
Self-efficacy 30.25 + 0.30 32.14 £ 0.44

Elevated stress vy p d/v
n =61
29 (47.5%) 0.13 717 033
26.43 + 0.82 0.65 .516 .012
23.67 + 0.41 0.49 .623 .009
26.98 + 0.64 (63) 23.68 <.001 434
43.08 +1.14 9.98 <.001 182
2.45 £ 0.11 6.96 <.001 128
3.36 £ 0.10 0.74 .460 .014
28.00 + 0.53 6.01 <.001 A1

Data are given as mean + SEM, unless indicated otherwise and significant group differences are indicated in bold. BMI, body mass index; T, T-score for TICS screening scale.
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FIGURE 2 | Group comparisons of (A) salivary cortisol concentrations and (B) state anxiety across the experimental phases (T1-T3) in subjects with elevated (n = 61) versus
those with low chronic stress (n = 57). Data are given as mean + SEM. *p < .05 **p < .001.
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Perception and Recall of Visceroceptive Stimulation
Subgroup comparisons of mean perceived urgency based on
trial-by-trial ratings following each visceral sensation during the
stimulation phase revealed significantly higher urgency in the
group with elevated stress (t = 2.04; p = .043; d = 0.37; Figure
4A), whereas groups did not differ regarding mean perceived
intensity (p = .507; Figure 4C). Similarly, participants with
elevated perceived chronic stress recalled significantly higher
overall urgency experienced during the stimulation phase (¢t =
3.57; p = .001; d = 0.66; Figure 4B), but no group difference in
recalled intensity was observed (p = .517; Figure 4D). In
covariance analyses, group differences in mean perceived
urgency failed statistical significance (p = .095) when including
mean state anxiety and mean cortisol concentrations, while
differences in urgency recall remained widely unaffected (F =
9.44; p =.003; T]PZ =.076) and no changes were evident regarding
perceived or recalled intensity (data not shown).

Recall Bias

To elucidate a putative exaggeration of intensity or urgency
recall, the full sample and stress subgroups were tested for a
recall bias in visceroception, operationalized as the differences
between mean reported perception during the stimulation phase
and overall recall, respectively. One sample t-tests revealed
significant effects for both, intensity (t = 2.48; p = .014;
d = 0.18) and, more pronounced, for urgency (¢ = 8.38;
p < .001; d = 0.62), indicating higher recall relative to mean
perception in the full sample. Individuals with elevated chronic

stress exhibited a significant bias for recalled defecatory urgency,
i.e,, recalled more intense feelings of urgency relative to their
mean perception (t = 2.96; p = .004; d = 0.55; Figure 5A). The
recall bias for intensity was comparable between stress subgroups
(p = .132; Figure 5B). ANCOVA including mean state anxiety
and cortisol did not affect these finding (urgency recall bias: F =
6.68; p = .011; npz = .055; intensity recall bias: p = .305).

Interactions Between Chronic Stress and
Sex

Possible sex differences in the effects of perceived chronic stress on
visceroception were addressed in exploratory analyses. For
thresholds, results revealed no interaction between stress level and
sex for either first sensation (p = .950; Figure 3C) or pain (p = .451;
Figure 3D). No evidence of sex-specific effects of chronic stress
emerged for perceived (p = .503; Figure 4A) and recalled urgency
(p = .824; Figure 4B) or intensity (perceived: p = .143; Figure 4C;
recalled: p = .222; Figure 4D). Finally, neither urgency (p = .352;
Figure 5A) nor intensity recall bias (p = .793; Figure 5B) indicated
sex-specific effects of perceived chronic stress.

Specificity to Chronic Stress

Stepwise multiple regression analyses were performed in the full
sample of N = 180 participants to evaluate whether the observed
effects were specific to chronic stress or could also be attributed
to effects of other psychological traits, including trait anxiety,
pain coping strategies, and self-efficacy. This exploratory
approach focused on significant findings from subgroup
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FIGURE 4 | Group comparisons of (A) mean perception and (B) recall of urgency and (C, D) intensity of repeated rectal distensions during the stimulation phase in
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FIGURE 5 | Group comparisons in recall bias of (A) defecatory urgency and (B) intensity of rectal distensions during the stimulation phase, operationalized as the
difference between mean perceived and recalled symptoms. Data from individuals with low (n = 57) and elevated chronic stress levels (n = 61) are given as mean +
SEM and individual data points are illustrated as circles for women and as triangles for men. *p < .01.

analyses, and was therefore conducted on perceived and recalled
urgency as well as the urgency recall bias. These analyses
confirmed chronic stress to be the main predictor of
visceroception. Specifically, TICS scores were a single
significant predictor of mean perceived (F = 4.49; p = 0.035;
adj. R = 0.018; f# = 0.157) and, more pronounced, recalled
urgency (F = 12.84; p < .001; adj. R” = 0.062; § = 0.259). Further,
perceived chronic stress was identified as a single predictor of
variance in the urgency recall bias (F = 8.59; p = .004; adj. R* =
0.041; f§ = 0.215). Trait anxiety, pain coping, and self-efficacy did

not contribute additionally to explaining variance
in visceroception.

DISCUSSION

The relevance of interoception for both health and disease is
increasingly acknowledged (1, 2, 31), especially in the context of
visceral hypersensitivity in disorders of gut-brain interactions.
Although the broad role of stress and stress mediators in
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disturbed visceroception is widely appreciated (32-34), the
putative contribution of chronic stress to variations in normal
visceroception remains incompletely understood. To fill this
research gap, we herein assessed the impact of chronic stress
on different dimensions of visceroception induced by rectal
distensions by comparing stress subgroups classified based on
a validated chronic stress questionnaire. While individuals with
elevated versus low levels of perceived chronic stress did not
differ in rectal sensory or pain thresholds, both the perception as
well as the recall of rectal urgency were significantly enhanced in
individuals with elevated chronic stress. Furthermore, a recall
bias for previously experienced distension-induced urgency was
more pronounced in the group with elevated stress. Together,
these findings support that the sensation of urgency might be
particularly modifiable by chronic stress in healthy young men
and women, with implications for the pathophysiology of
chronic GI symptoms.

A link between chronic stress and the perception and recall of
urgency complements our previous result that the symptom of
urgency was demonstrably highly modifiable by acute
psychosocial stress in a placebo/nocebo paradigm (16).
Psychological modulation of urgency is interesting from a
clinical perspective for a broad range of conditions
characterized by chronic gastrointestinal symptoms, which are
often not limited to the experience of visceral pain. For example,
defecatory urgency is a symptom frequently reported by patients
with IBS (12), which has recently been identified as the most
troublesome symptom in diarrhea-predominant IBS (13).
Urgency has also emerged as an independent predictor of
quality of life not only in IBS and other disturbances of gut-
brain communication (35, 36), but also in the general
population (37).

In light of the fact that symptom reports guide diagnosis and
treatment in many conditions involving the gut-brain axis, our
findings suggesting a putative role of chronic stress in GI
symptom recall are noteworthy and deserve more attention.
The recall of defecatory urgency induced by previously
experienced visceral sensations was enhanced in participants
with elevated chronic stress. Further, individuals who reported
more chronic stress also demonstrated a more pronounced recall
bias for urgency, herein quantified as the difference between the
individual distension ratings and the overall urgency recall. The
role of reporting bias and its possible contribution to findings of
visceral hypersensitivity in IBS has previously been elegantly
demonstrated (23). Our results expand on these data using a
somewhat simpler yet clinically-relevant method, following a line
of research on memory processes in visceroception (8, 19-22),
with a particular focus on interoceptive hypervigilance. It is
indeed intriguing to speculate that chronic stress may contribute
to interoceptive hypervigilance, either indirectly involving a
reporting bias or more directly by biasing specific memory
processes, including immediate recall, toward more “negative”
memories of symptoms. Future studies should therefore test the
hypothesis that altered visceroceptive recall may constitute a
nocebo mechanism in the pathophysiology of altered gut-brain

interactions. Support for this assumption is provided by
experimental findings from the field of associative visceral
pain-related conditioning (19, 21, 22), with documented
alterations in pain-related learning and memory processes in
patients with IBS (20, 38). Stress and stress mediators might play
a key role in these alterations, as evidenced by findings that
antagonizing corticotropin releasing factor, one of the main
signaling peptides of the HPA axis released in response to
stress, normalized aberrant neural and psychophysiological
correlates of abdominal pain-related learning and memory in
women with IBS (38). In healthy individuals, we recently
observed pharmacologically increased cortisol levels to induce
areduction in visceral pain thresholds and to affect the formation
of pain-related emotional memories (8). Importantly, these
effects appeared to be specific to the visceral domain and were
not observed for somatic stimuli of identical intensities, in line
with prior research on distinct mechanisms underlying the
processing of visceral and somatic pain (39-42), and
suggesting that visceroception might be particularly vulnerable
to stress and stress mediators. Our findings expand this evidence
to the dimension of chronic stress, with putative clinical
implications for vulnerability and resilience in health and in
disorders of gut-brain communication.

On a critical note, some of the mechanisms underlying our
findings remain difficult to discern. We observed significantly
elevated state anxiety and cortisol concentrations in our cohort of
individuals with higher perceived chronic stress across experimental
time points. Hence, higher perceived chronic stress was clearly
associated with differences in “state” measures, which reportedly
modulate visceral pain processing (43), but also with psychological
traits, such as increased trait anxiety, maladaptive pain coping, and
lower self-efficacy. While our explorative covariance and regression
analyses widely supported the observed effects to be distinctly
attributable to chronic stress, our study design and the present
results do not allow conclusive answers. Clearly, there exists a large
overlap between chronic stress and trait anxiety, including its
underlying neurobiology (44) and maladaptive coping is likely to
further increase not only acute stress responsivity but also the
burden arising from physical or psychological stressors (45). These
psychological factors might therefore further increase detrimental
effects of chronic stress in patients with disorders of gut-brain
interactions. Future studies may consider including patients with
disturbed visceroception with and without a comorbidity with
anxiety. This could shed more light on additive or interactive
relations between stress and anxiety in visceroception, which
cannot be fully captured in our sample of young, healthy
individuals with overall low anxiety symptom burden and
adaptive coping skills. Likewise, although we identified a group of
healthy individuals in our sample reporting levels of chronic stress
above average, the stress burden was not substantially increased to
clinically-relevant levels (20, 46). While posing a limitation
regarding the generalizability of our findings to the impact of
severe chronic stress in patients with disturbed visceroception, our
data support that even subtle increases in perceived chronic stress
might modulate visceroception. Finally, we addressed our research
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questions regarding the role of chronic stress in visceroception in a
mixed sample of men and women. A recent analysis conducted in a
large pooled sample including the current study cohort confirmed
no differences between healthy male and female participants with
respect to visceral sensitivity, yet did not test other aspects of
visceroception (47). Stress subgroups in the current sample did
not differ in the relation between male and female participants,
suggesting that men and women suffered from elevated chronic
stress to comparable extents. Further, exploratory analyses indicated
no sex- or gender-specific effects of perceived chronic stress on the
tested dimensions of visceroception, suggesting that, at least in
young healthy men and women, chronic stress and sex/gender do
not interact in altering visceroception. On the other hand,
pharmacologically increased cortisol was recently shown to affect
visceral sensitivity distinctly in women (8), in support of a role of
sex/gender in the impact of the stress mediator on visceroception.
Importantly, such putative sex-dependent effects of stress or stress
markers might be mediated by interactions with gonadal hormone
status, which in women is subject to substantial variations across the
menstrual cycle, reportedly impacts visceroception (48), and
appears to affect the vulnerability and responsivity to stressors
(49, 50). To control for confounding effects of menstrual cycle
phase, all women in the sample under investigation were on
hormonal contraception. However, this selection does not allow a
generalization to women with a natural menstrual cycle, calling for
future research including female participants in different mentrual
cycle phases.

Taken together, our findings support that elevated perceived
chronic stress affects visceroception in healthy individuals,
particularly the perception and recall of defecatory urgency as
a highly disturbing and clinically-relevant marker in patients
with disturbances of gut-brain interactions (35, 36). As two
major pathways in the communication along the gut-brain
axis, the descending stress system and the ascending
visceroceptive system are tightly interacting (32) and their
dysfunction may have profound detrimental effects on the
communication pathways connecting the brain and the gut.
Therefore, investigating chronic stress also in otherwise healthy
individuals may aid to gain further insights into mechanisms
contributing to long-lasting disturbances along the gut-brain
axis. Importantly, the relevance of a dysfunctional gut-brain
interaction is increasingly acknowledged beyond disorders
primarily characterized by GI symptoms. These developments
are not least owed to a growing appreciation of the crucial role of
gut microbiota in health and disease (51-53). Particularly,
tremendous advances have been made in understanding the
impact of pre- and postnatal microbial composition on
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Functional dyspepsia (FD) and gastroparesis (GP) are common disorders of the
upper gastrointestinal tract. The pathophysiology of these conditions is likely to be
heterogenous, and factors such as altered matility, sensitivity and response to nutrition
have been identified as putative underlying mechanisms. Motility, sensitivity as well as
responses to nutrition can be influenced or mediated by peptide hormones and serotonin
released from the gastrointestinal mucosa. This review summarizes the role of Gl peptides
in functional dyspepsia and gastroparesis. In most studies, the levels of somatostatin,
ghrelin, and motilin did not differ between healthy volunteers and FD or GP patients,
but higher symptom burden was often correlated with higher peptide levels. Ghrelin
and moatilin receptor agonists showed promising results in improvement of the gastric
emptying, but the link with improvement of symptoms is less predictable. Serotonin
agonists have a potential to improve symptoms in both FD and idiopathic gastroparesis.
Drugs acting on the GLP-1 and on the PYY receptors deserve further investigation. There
is a need for systematic large scale studies.

Keywords: functional dyspepsia, gastroparesis, gastrointestinal peptides, cholecystokinin, glucagonlike peptide
1, peptide YY, motilin, ghrelin

INTRODUCTION

Functional Dyspepsia

Functional dyspepsia (FD), defined as “epigastric symptoms affecting daily life, such as postprandial
fullness, early satiation, epigastric pain and burning, in the absence of underlying organic
abnormalities” (1), is an extremely common functional gastrointestinal disorder. In the general
population, the prevalence of FD is found to be up to 21% (2, 3). Although only a minority
of H. pylori infected patients remain asymptomatic after successful eradication therapy, patients
reporting helicobacter pylori-associated dyspeptic symptoms are now being recognized as a separate
entity referred to as H. pylori associated dyspepsia (1, 4, 5).

To facilitate the management of FD, the Rome Consensus subdivided FD into two subtypes:
Postprandial Distress Syndrome (PDS) (60%) characterized by meal-related symptoms, such as
postprandial fullness, early satiation, postprandial epigastric pain and other symptoms triggered
by food ingestion, and Epigastric Pain Syndrome (EPS) (20%) characterized by epigastric pain and
burning (4, 6). Approximately 20% of FD patients overlaps between PDS and EPS.

FD is extremely common, with estimates of 10-30% prevalence in the general population,
and is associated with substantial medical care costs and a considerable health economic impact
(7-9). A proportion of 20-25% of the patients with severe and refractory GI symptoms also have
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psychosocial co-morbidities such as anxiety, depression or
somatization and severely impaired daily functioning (about 10%
of these patients have work disability). Somatization, namely
multiple stress-related symptoms of unknown origin resulted to
be the most important risk factor for impaired QOL in patients
with severe functional dyspepsia (10). This FD subgroup is often
referred to advanced care, which may be associated with even
higher health economic costs (11).

Finally, FD patients also show an important degree of overlap
with gastro-esophageal reflux disease (GERD) (12, 13) and
irritable bowel syndrome (IBS), and are, thus, often misclassified.

Gastroparesis

Gastroparesis is characterized by delayed gastric emptying and by
upper gastrointestinal symptoms (nausea, vomiting, abdominal
pain, early satiety, bloating) in the absence of mechanical
obstruction (14). Two of the most common types of gastropareses
are idiopathic gastroparesis and diabetic gastroparesis (15).
Gastroparesis can also be a complication of upper gastrointestinal
surgery, neurological disease, collagen vascular disorders, viral
infections, or drugs use (16). It is associated with a major impact
on the patients’ quality of life and substantial social and health
economic costs (17).

Gastrointestinal Peptides

In the classical pathophysiological model, functional
gastrointestinal disorders (FGIDs) are considered heterogeneous
conditions, and symptoms are attributed to a combination
of motility disturbances, visceral hypersensitivity, low grade
mucosal immune activation, and altered processing of gut-brain
signals (18). This is based on the presence of impaired gastric
storage and emptying function in FD and gastroparesis, as well
as findings of visceral hypersensitivity and increased levels of
depression, somatization and anxiety, which are considered
markers of altered gut-brain interaction (19-21).

Recent research has focused on visceral hypersensitivity as a
common mechanism determining symptom severity and impact
across several functional gastrointestinal disorders (19). To
date, the focus of research has mainly been on hypersensitivity
to mechanical stimuli, studied by balloon distention (22).
However, there is increasing evidence for a role for visceral
hypersensitivity to specific nutrients as well, suggested amongst
other by the observation that FODMAPs induce symptoms and
the observation that specific nutrients induce local immune
activation in irritable bowel syndrome (IBS) patients but not in
health (23, 24).

The gastrointestinal mucosa expresses a wide range of
chemosensing receptors, which detect the presence and nature
of nutrients in the lumen (25, 26). Nutrients are mainly sensed in
the duodenum and jejunum, and initiate an avalanche-effect by
releasing gut peptides from entero-endocrine cells into the blood
stream. The brain receives these signals through activation of the
vagus nerve or directly via the fenestrated blood brain region, the
area postrema (25, 26).

There is recent evidence of nutrient-specific enhanced release
of gut peptide hormones [motilin, ghrelin, peptide YY (PYY),
cholecystokinin (CCK), and glucagon-like peptide 1 (GLP-1)]

in FD, which was correlated to intensities of the provoked
symptoms. However, most studies are somewhat artificial as they
used intraduodenal tube administration of selected nutrients,
rather than ingestion of a true meal (27).

The aim of this review was to describe the current evidence
on the role of gastrointestinal (GI) peptides in FGID, especially in
FD and gastroparesis. We will also address implications for future
applications or modulations of gastrointestinal peptides for FD
and idiopathic and diabetic gastroparesis treatment.

METHODS

We conducted a Pubmed and Medline search for papers, reviews,
metanalyses, case series, and RCTs using the following keywords
and their associations: functional dyspepsia, gastroparesis,
gastrointestinal peptides, CCK, GLP-1, PYY, motilin, ghrelin,
and dipeptidyl peptidase (Figure 1). We included also included
preliminary evidence from abstracts belonging to main national
and international gastroenterological meetings (e.g., United
European Gastroenterology Week, Digestive Disease Week,
Neurogastroenterology and Motility meetings, and the Belgian
Gastroenterology week).

RESULTS

Preliminary Consideration

Both in FD-PDS and in gastroparesis, symptoms are triggered
by ingestion of a meal (28, 29). The release of gut peptides
in response to nutrient intake is expected to be triggered
sequentially, driven by the location of the entero-endocrine cells
that are expressing them. Thus, nutrient arrival in the stomach
is thought to affect the release of gastrin, ghrelin and potentially
somatostatin, while duodenal exposure to nutrients may impact
on the release of CCK, motilin, PYY, and GLP-1, among others
(25-27). In addition, serotonin release is expected to occur when
nutrients enter the duodenum (25) (Figure 2). The association
between peptide levels and symptoms in FD and gastroparesis is
summarized in Table 1.

Gastrin

Gastrin is released by G-cells in the stomach and is a major
stimulus for gastric acid secretion (25). As a group, FD patients
do not seem to have altered gastrin levels according to a study of
Jonsson et al. (30). However, in a study by He et al., FD patients
with delayed gastric emptying had significantly higher gastrin
levels (31). A recent study from Poland confirmed these findings,
with elevated gastrin levels in both PDS and EPS (32). Use of acid
suppressive therapy, often applied in FD as first-line therapy, may
increase gastrin levels and it remains unclear to which extent the
studies could rigorously exclude such confounder. In a relatively
small study from Japan, gastrin serum level did not predict the
response to H2 blocker therapy in FD (33).

Somatostatin

Somatostatin is released in the stomach but also in the small
bowel, and has a strong inhibitory effect on gastrointestinal
motility and secretion (25). In the study by He et al., plasma
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FIGURE 2 | Overview of gastrointestinal peptides and their site of release.

somatostatin levels and mucosal expression of somatostatin in
the antrum and the duodenum did not differ between health
and FD, with normal or delayed emptying (31). The same

was found in FD patients as a group in the study by Jonsson
et al., but higher symptom burden was associated with higher
fasting somatostatin levels in FD, and somatostatin levels were
also correlated with heartburn severity scores (30). FD patients
displayed a rapid, transient, somatostatin peak during a stress
interview compared to matched controls (30). In a study by
Russo et al., comparing gut peptide levels between 42 PDS
and 12 EPS patients, somatostatin levels tended to be lower
in PDS compared to EPS but this did not reach statistical
significance (34). Itopride, a prokinetic agent with mixed
dopamine-2 receptor and cholinesterase inhibitory actions, was
reported to acutely increase somatostatin plasma levels (35).
The somatostatin analog octreotide was reported to slow gastric
emptying, enhance fasting gastric volumes and suppress meal-
induced volume increments in healthy subjects (36). Clinical
reports with somatostatin analogs in FD patients are lacking.

Ghrelin

Ghrelin is produced by endocrine P/D1 cells in the stomach,
with plasma levels that increase during fasting and decrease
after food intake (25, 88). Ghrelin a 28 amino acid peptide
which needs to have an octanoyl group attached to its third
serine residue to be biologically active (25). Ghrelin levels are
inversely related to body weight (89, 90) and decrease with
increasing extent of gastric mucosal atrophy (91, 92). Several
studies have investigated ghrelin release in FD and gastroparesis,
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TABLE 1 | Summary findings on the link between gut peptides, functional dyspepsia, and gastroparesis.

References Peptide Method Subjects Major findings
Jonnson et al. (30) Gastrin Gastrin dosage FD patients No altered gastrin levels.
He et al. (31) Gastrin Gastrin dosage FD patients with delayed gastric Higher gastrin levels
emptying and HV
Walecka-Kapica et al. (32) Gastrin Gastrin dosage PDS and EPS patients and HV Higher gastrin levels
Yoshikawa et al. (33) Gastrin Gastrin dosage FD patients on H2-blockers Gastrin levels do not predict H2-blockers
response
He et al. (29) Somatostatin - Plasma somatostatin dosage FD with normal/delayed gastric No differences between FD and HV
and mucosal expression emptying and HV
Jonnson et al. (30) Somatostatin - Plasma somatostatin dosage FD with normal/delayed gastric Higher somatostatin levels associated with
emptying and HV higher symptoms’ burden and higher
heartburn severity scores; rapid, transient,
somatostatin peak during a stress
interview
Russo et al. (34) Somatostatin - Plasma somatostatin dosage 42 PDS and 12 EPS patients Somatostatin levels tendency to be lower
in PDS vs. EPS, without reaching
statistical significance
Katagiri et al. (35) Somatostatin - Plasma somatostatin dosage HV administered with Itopride Acute increase of somatostatin levels
Foxx-Orenstein et al. (36) Somatostatin  Somatostatin analog HV Slowed gastric emptying, enhanced
Octreotide administration fasting gastric volumes and suppressed
meal-induced volume increments
Yagi et al. (37) Ghrelin Ghrelin dosage Gastroparesis and HV (multiple No significant difference between patients
studies) and HV
Kim et al. (38) Ghrelin Ghrelin dosage PDS and EPS patients vs. HV Significant correlation between ghrelin
levels and symptom severity, namely
epigastric pain in EPS, early satiation in
PDS patients
Shindo et al. (39) Ghrelin Ghrelin dosage PDS and EPS patients with Negative correlation between plasma
NERD ghrelin levels and gastric emptying rate in
PDS but not with EPS patients
Takamori et al. (40) Ghrelin Ghrelin dosage Dismotility-like dyspepsia Lower Ghrelin levels vs. HV
patients (Rome |l criteria) vs. HV
Nishizawa et al. (41) Ghrelin Ghrelin dosage FD patients vs. HV Higher Ghrelin levels vs. HV
Pilichiewicz et al. (42) Ghrelin Ghrelin dosage FD patients vs. HV with high-fat Ingestion of the meal did not affect plasma
meal ingestion ghrelin levels in FD vs. HV
Akamizu et al. (43) Ghrelin Ghrelin i.v. administration b.i.d. FD patients with loss of appetite Significantly increased appetite and
for 2 weeks tendency to increased daily food intake in
FD patients with loss of appetite
Arai et al. (44) Ghrelin Rikkunshito administration FD patients Improved upper gastrointestinal
symptoms, correlating with increased
plasm ghrelin levels
Suzuki et al. (45) Ghrelin Rikkunshito administration Helicobacter pylori-infected Improved upper gastrointestinal symptoms
participants with increased
plasma ghrelin levels
Gaddipati et al. (46) Ghrelin Ghrelin dosage |diopathic, diabetic and Increased ghrelin levels after sham feeding
post-surgical Gastroparesis in HV and |G patients vs. diabetic and
patients vs. HV gastroparesis postsurgical gastroparesis
Tack et al. (47) Ghrelin Gastric emptying and |G patients Increased gastric emptying and improved
meal-related symptoms symptoms
evaluation
Murray et al. (48) Ghrelin Gastric emptying and Diabetic gastroparesis patients Increased gastric emptying
meal-related symptoms
evaluation
Binn et al. (49) Ghrelin Gastric emptying evaluation Neurogenic Gastroparesis Increased gastric emptying
patients
Ejskjaer et al. (50) Ghrelin Ulimorelin (ghrelin agonist) i.v. Diabetic gastroparesis patients Increased gastric emptying

administration

(Continued)
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TABLE 1 | Continued

References Peptide Method Subjects Major findings
Heyland et al. (51) Ghrelin Ulimorelin (ghrelin agonist) i.v. Critical ill patients with enteral Increased gastric emptying for both
administration vs. feeding intolerance treatments, impossible differentiation
Metoclopramide
Ejskjaer et al. (52) Ghrelin TZP-102 (ghrelin agonist) Diabetic gastroparesis patients Increased gastric emptying
Phase 2a study, 12 weeks
study
Mc Callum et al. (53) Ghrelin TZP-102 ghrelin agonist) Phase Diabetic gastroparesis patients Failed to confirm Increased gastric
2b study, 12 weeks study emptying
Lembo et al. (54) Ghrelin Relamorelin injections Diabetic gastroparesis patients Reduced vomiting frequency/severity;
accelerated gastric emptying
Camilleri et al. (55) Ghrelin Relamorelin injections Diabetic gastroparesis patients Accelerated gastric emptying
Russo et al. (34) Motilin Motilin dosage PDS and EPS patients Higher motilin levels in EPS vs. PDS
patients
Labo et al. (56) Motilin Motilin dosage FD patients with delayed gastric Absence of motilin levels fluctuations
emptying during the interdigestive state; gastric
phase Il contractions absence
Achem-Karam et al. (57) Motilin Motilin dosage Diabetic gaastroparesis patients Elevated and fluctuating motilin plasma
levels during the interdigestive state; antral
phase Il activity is absent
Talley et al. (58) Motilin ABT-229 administration FD patients with and without No significant symptoms improvement
delayed gastric emptying
Talley et al. (59) Motilin ABT-229 administration Type 1 diabetes mellitus patients No significant symptoms improvement
McCallum et al. (60) Motilin Mitemcinal Patients with idiopathic and Accelerates gastric empying
diabetic gastroparesis
Mccallum et al. (61) Motilin Mitemcinal Diabetic patients with Symptoms relief vs. placebo
gastroparesis symptoms
Cuomo et al. (62) Motilin Motilin dosage HV Contraction of proximal stomach,
increases satiety
Deloose et al. (63) Motilin Camicinal HV Stimulates MMC and gastric emptying
Hellstrom et al. (64) Motilin Camicinal single dose Type 1 Diabetic patients with significantly accelerated gastric emptying
administration (25, 50, or gastroparesis symptoms of solids by 125 mg dose
125mg)
Barton et al. (65) Motilin Camicinal Diabetic patients with Significantly accelerated gastric emptying
gastroparesis symptoms
Chapman et al. (66) Motilin Camicinal Critical ill patients with enteral Camicinal single dose (50 mg)
feeding intolerance acceleratedgastric emptying and
increased glucose absorption
Chiloiro et al. (67) CCK Standard solid-liquid meal H. pylori associated dyspepsia Significantly lower basal values compared
(gastric emptying) patients to H. pylori negative patients
Bharucha et al. (27) CCK Intraduodenal dextrose and FD patients vs. HV Correlation between plasma
lipid adminstration concentrations of CCK and provoked
symptoms
Early increase of CCK plasma levels
Barbera et al. (68) CCK Intraduodenal administration of FD patients Increases sensitivity to gastric distention
lipids
Feinle et al. (69) CCK Duodenal lipid infusion + FD patients Lipid increased plasma CCK levels
CCK-A antagonist Dexloxiglumide reduced gastric
dexloxiglumide compliance
Gastric distention relieved
by dexloxiglumide
van Boxel et al. (70) CCK Duodenal perfusion FD patients vs. HV Mean mucosal CCK concentration was
lower in FD patients
Feinle-Bisset et al. (71) CCK High (HF) and low (LF) fat FD patients Plasma CCK was higher after HF
yogurt compared to LF
Rotondo et al. (72) GLP-1 Dipeptidyl peptidase-4 inhibitor HV Inhibition of gastric accommodation and

(vildagliptin)

increased GLP-1 plasma levels

(Continued)
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TABLE 1 | Continued

References Peptide Method Subjects Major findings
Mano et al. (73) GLP-1 Hot water and broth (with rice) HV Rise in GLP-1 after ingestion of
synthesized broth
Witte et al. (74) GLP-1 Liquid meal FD patients (EPS) Similar GLP-1 levels to HV, correlation with
nausea
Pilichiewicz et al. (42) PYY PYY dosage FD patients vs. HV with high-fat Lower postprandial PYY levels compared
meal ingestion to HV
Witte et al. (74) PYY Liquid meal FD patients (EPS) PYY3-36 is correlated with the sensation
of fullness
Tack et al. (75) 5-HT Cisapride (5-HT4 agonist) HV Enhances gastric distension and
accommodation
Kessing et al. (76) 5-HT Prucalopride (5-HT4 agonist) HV after a standardized meal Accelerates gastric emptying in male
volunteers
Carbone et al. (77) 5-HT Prucalopride (5-HT4 agonist) Patients with gastroparesis Enhances gastric emptying
Netzer et al. (78) 5-HT Ondansetron (5-HT3 HV No effect on gastric emptying
antagonist)
Janssen et al. (79) 5-HT Ondansetron (5-HT3 HV No effect on gastric compliance, gastric
antagonist) tone
Van Oudenhove et al. (80) 5-HT Busprione (5-HT1A agonist) HV Relaxation of the proximal stomach +
decreases gastric emptying
Tack et al. (81) 5-HT Busprione (5-HT1A agonist) FD patients Decreased symptoms + increased gastric
accommodation
Geeraerts et al. (82) 5-HT Acute tryptophan depletion HV Reduction in 5-HT levels in duodenum
Tack et al. (83) 5-HT Paroxetine HV Enhances gastric accommodation
Janssen et al. (84) 5-HT Citalopram (5-HT reuptake HV Preprandial gastric relaxation, lower
inhibitor) postprandial volume increase + enhances
liquid emptying
Jannsen et al. (85) 5-HT Citalopram (5-HT reuptake HV Suppresses gastric phase 2
inhibitor) Stimulates intestinal phase 3
Wilmer et al. (86) 5-HT Ondansetron (5-HT3 HV Suppresses gastric component of phase 3
antagonist)
Chueng et al. (87) 5-HT 5-HT postprandial levels FD patients Decreased levels of 5-HT

and the findings are conflicting (38). Most studies found no
difference in fasting ghrelin levels in FD compared to health
(37, 39-41, 93, 94). However, in a small group of EPS and PDS
patients compared to health, correlations were reported between
ghrelin levels and symptom severity, in particular epigastric pain
in EPS and early satiation in PDS (38). Shindo et al. found a
negative correlation between plasma acylated ghrelin levels and
gastric emptying rate in patients with PDS but not with EPS
(39). Takamori et al. reported lower levels of des-acyl ghrelin
(the inactive form after hydrolysis of the octanoyl group), in
dysmotility-like dyspepsia according to the Rome II criteria
(40) while Nishizawa et al. reported higher ghrelin levels in
FD patients as a group (41). The ingestion of a high fat meal
in FD patients did not differently affect the plasma ghrelin
levels in FD compared to healthy subjects (42). Intravenous
administration of ghrelin, twice daily for 2 weeks, significantly
increased appetite and tended to increase daily food intake
in FD patients with loss of appetite (43). Furthermore, Arai
et al. observed a clear improvement in upper gastrointestinal
symptoms in FD patients after administration of the Japanese
Kampo medicine Rikkunshito, which increased plasma ghrelin
levels (44). Suzuki et al. also showed Rikkunshito was effective

among H. pylori-infected participants with increased plasma
ghrelin levels (45).

Plasma ghrelin levels increased with sham feeding in
healthy controls and patients with idiopathic gastroparesis but
not in patients with diabetic or postsurgical gastroparesis,
indicative of a role for intact vagal signaling in the
control of ghrelin release (46). In pilot studies, acute
intravenous administration of ghrelin enhanced gastric
emptying rate in idiopathic and diabetic gastroparesis (47-
49). In idiopathic gastroparesis patients, symptoms were
also improved.

Subsequently, several ghrelin agonists have been studied,
with a major focus on diabetic gastroparesis. The intravenously
administered macrocylic peptidomimetic molecule ulimorelin,
enhanced gastric emptying, and was subsequently mainly studied
in critical care patients, with lack of differentiation from
metoclopramide (50, 51). The orally administered TZP-102
showed promising results in phase 2a, but this was not confirmed
in phase 2b (52, 53). Relamorelin, an injectable ghrelin receptor
agonist, showed efficacy in diabetic gastroparesis patients with
active vomiting symptoms in two placebo-controlled phase 2
studies and is being evaluated in phase 3 studies (54, 55).
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Motilin

Motilin is released from M-cells situated in the proximal
duodenum during the fasted state, is a stimulus for strong antral
contractions and has a hunger signaling function (25, 95). Several
studies evaluated plasma motilin levels in FD and gastroparesis
(34, 56, 96-98). FD patients as a group have comparable fasting
plasma levels to those in health (95). Russo et al. reported higher
fasting motilin plasma levels in EPS compared to PDS (34). In
the same study, elevated CRF levels were also reported in PDS.
The relevance of this finding is unclear. It is well-known that
motilin plasma levels fluctuate with interdigestive motility and
are maximal during gastric phase III (95). The study by Russo
et al. did not correct for migrating motor complex (MMC) cycle,
which could be a major confounder, as it is conceivable that PDS
patients have less occurrence of gastric phase III (96).

In patients with FD and delayed gastric emptying, motilin
plasma levels did not display the normal fluctuations during the
interdigestive state and gastric phase III contractions were absent
(56). In patients with diabetic gastroparesis, motilin plasma
levels were elevated but still fluctuating during the interdigestive
state, although antral phase III activity was absent (57, 98). In
FD patients with unexplained loss of appetite, gastric phase III
contractions are suppressed, suggesting low plasma levels, but
these were not measured in this study (99).

Several macrolide antibiotics such as erythromycin and
azithromycin have motilin receptor agonistic effects, and have
a stimulatory effect on gastric emptying rate (100-102). The
impact on symptoms, however, was often disappointing (101).
A number of macrolides without antibiotics but with motilin
receptor agonistic properties were developed for the treatment
of FD and diabetic gastroparesis (103). However, invariably,
they failed to provide significant symptomatic benefit in phase 2
studies and no agent progressed into phase 3 studies (58-61, 104).
The main reasons that have been put forward to explain the lack
of success in trials with motilin agonist drugs for gastroparesis
have been the use of too high doses, which impact on gastric
accommodation, and the use of long-acting agents which are
prone to desensitization (62, 103).

Camicinal is a novel small molecule motilin receptor agonist
with short half-life, which was shown to induce gastric phase
III contractions during the fasting state and dose-dependently
enhance gastric emptying rate (63, 64). In a phase 2 study,
the lowest dose of camicinal significantly improved symptoms,
confirming the therapeutic potential of this class of agents,
whereas only the highest dose studied enhanced gastric emptying.
Indicating that enhanced emptying rate does not underlie the
symptom improvement (65). Camicinal was also studied in
critical care patients, but the drug has not advanced to phase 3
in any indication (66).

Cholecystokinin (CCK)

CCK is a brain-gut peptide released from I-cells in the
upper small intestine upon food intake, especially after meals
containing high fat or protein amounts (25). In H. pylori
associated dyspepsia patients, significantly lower CCK basal
values were demonstrated in comparison to H. pylori negative
patients (67). Hyper responsiveness to CCK can be one of the

pathophysiological pathways for the occurrence of symptoms in
FD patients (105). A recent study showed a correlation between
the release of gut peptide hormones as CCK and provoked
symptoms after infusion of nutrients into the duodenum (27).
However, in this study, intraduodenal tube administration of
selected nutrients was used, rather than ingestion of a true meal.
An early increase of CCK plasma levels was found, followed later
by a rise of other peptides such as GLP-1 and PYY. Previously, it
has also been shown that the intraduodenal infusion of fat may
trigger symptoms as fullness and discomfort and to sensitize the
stomach to gastric distension (68, 105). Duodenal lipids induce
higher CCK levels in patients with FD compared to health,
and the CCK-A receptor antagonist dexloxiglumide, was able to
reduced sensitivity to gastric distension after lipid administration
(69, 70, 106). However, ingestion of a low fat meal when patients
perceived intake of a high fat meal (cognitive factors) did not
significantly change the CCK level but was associated with higher
symptom scores (71).

In addition, a CCK antagonist accelerated the gastric
emptying rate which could lead to a benefit in both
functional dyspepsia as gastroparesis patients (107). The
improvement in gastric emptying probably involves an
effect of CCK on capsaicin-sensitive vagal pathways (107).
Infusion of CCK in healthy volunteers resulted in an increase
in gastric compliance, but this was not confirmed in a
study with FD patients (108). Unfortunately, in spite of a
number of positive mechanistic observations, CCK-receptor
antagonists were not further developed for the treatment
of FD.

Glucagon-Like Peptide 1 (GLP-1)

GLP-1, secreted by intestinal endocrine L-cells upon food
intake, slows the gastric emptying in diabetes with a decrease
in glycemia (108). In healthy controls, elevated GLP-1 plasma
levels after administration of the Dipeptidyl peptidase-4
inhibitor vildagliptin, were associated with impaired gastric
accommodation (72). In Japan, gastric emptying was measured
in healthy subjects and increased significantly after ingestion
of a broth with rice, which was accompanied by a significantly
more rapid rise in plasma GLP-1 and glucose levels compared
to rice with water (73). In an earlier study, it was shown
that GLP-1 was correlated with nausea in a single meal
experiment in FD patients subtype EPS as well as in healthy
volunteers (74). This would be an interesting fact for the
use of medication acting on the GLP-1 receptor for the
treatment of gastroparesis patients with nausea as one of their
main symptoms.

Peptide YY (PYY)

PYY is a gut hormone secreted from endocrine L-cells in
the gut mucosa, most prominently present in the ileum and
the colon, and released into the circulation after ingestion
of food (25, 109). As mentioned above, the intake of lipids
is often a trigger for symptoms in FD. In FD patients,
ingestion of a high fat meal was associated with lower
postprandial PYY levels compared to healthy volunteers (42).
In addition, PYY was found to be correlated with symptoms

Frontiers in Psychiatry | www.frontiersin.org

45

March 2020 | Volume 11 | Article 172


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Van den Houte et al.

Gut Peptides in Dyspepsia and Gastroparesis

such as a sensation of fullness in EPS patients after a
single drink test and a satiety test (74). However, based on
the literature, little is known about the effect of PYY in
FD patients.

Serotonin (5-HT)

5-HT is also released by entero-endocrine cells in the
gastrointestinal tract, in response to mechanical stimulation
or the presence of nutrients or toxins (25, 110, 111). It
has its effect via 14 known serotonin receptors, but we
will focus on the most relevant ligands in this review. The
role of 5-HT in upper gastrointestinal physiology remains
unclear, due to a lack of suitable agonists and antagonists
for human application (110). While 5-HT4 agonists enhance
gastric accommodation and gastric emptying, 5-HT3 antagonists
had no significant effect on these functions, and 5-HT;a
agonists enhance gastric accommodation and tend to slow
gastric emptying (75-81). Alternative approaches to unravel
a role for 5-HT in gastric sensorimotor function has been
the use of tryptophan depletion (82) and the administration
of selective serotonin reuptake inhibitors (SSRIs) (83, 84).
Acute tryptophan depletion enhanced gastric accommodation,
which was also observed with short-term SSRI use, while acute
intravenous SSRI administration inhibited accommodation,
suggesting that endogenous serotonin release serves to limit
gastric accommodation (82-84). In terms of interdigestive gastric
motility, acute intravenous SSRI administration suppresses
gastric phase 3 while stimulating intestinal phase 3, and
ondansetron also inhibited the occurrence of gastric phase 3
(85, 86).

Studies focusing on IBS have shown that circulating 5-HT
levels rise after a meal, and that this rise is exaggerated in IBS
with diarrhea and suppressed in IBS with constipation (112,
113). These studies used platelet-depleted plasma to measure
circulating plasma levels of gastrointestinal origin, thereby
eliminating the confounding effect of storage in thrombocytes.
Similar studies in FD are lacking. One study measured plasma
5-HT in FD and found decreased basal and postprandial plasma
compared to health (87). This is in agreement with a recent study
reporting a decreased number of duodenal serotonin containing
endocrine cells in FD patients (74).

Several 5-HT receptor agonists/antagonists, such as cisapride
(5-HT4 agonist, 5-HT2, and 5-HT3 antagonist), tegaserod
(5-HT4 and 5-HT1 agonist, 5-HT2a/b antagonist), mosapride
(5-HT4 agonist, 5-HT3 antagonist) and revexepride (5-HT4
agonist) have been evaluated for the treatment of dyspepsia
and gastroparesis, although not all studies show efficacy
(114-116). A recent metanalysis showed that FD patients
treated with serotonin receptor agonists have a significantly
better symptom response compared to placebo (117) and
the most recently published evidence indicates efficacy
for prucalopride in idiopathic gastroparesis and emerging
efficacy for velusetrag in gastroparesis (118, 119). Case
series suggest potential benefit of the 5-HT3 antagonists
granisetron or ondansetron for symptoms of nausea and
vomiting in gastroparesis, but formal studies are lacking
(120, 121).

SUMMARY AND CONCLUSIONS

FD and gastroparesis, two of the most common FGIDs, are
both characterized by upper GI symptoms. FD patients are
subdivided in PDS and EPS patients, defined by symptoms
as postprandial fullness, early satiety, epigastric pain, and
epigastric burning. Patients with gastroparesis are characterized
by nausea with or without vomiting, and often also similar
symptoms as in FD, with a significantly delayed gastric emptying
in the absence of mechanical obstruction. The most common
subgroups are idiopathic and diabetic gastroparesis. The
pathophysiology of both FGIDs is based on a combination
of motility disturbances, visceral hypersensitivity, low
grade mucosal immune activation, and altered processing
of gut-brain-signals. Recent observations support a new
pathophysiological model in at least subsets of patients with
FD and gastroparesis, which involves visceral hypersensitivity
to nutrients. Nutrient sensing occurs in the stomach and
duodenum and is signaled to the brain through neural pathways,
but especially through the release of gut peptides, which was
shown in some studies to be correlated with symptoms in FD
and gastroparesis.

In this review, the effect of peptides as gastrin, somatostatin,
and ghrelin, all released by endocrine cells in the stomach, and of
motilin, CCK, GLP-1, PYY and 5-HT, secreted in the duodenum,
was summarized. Previous studies showed contradictory results
regarding an increase in peptide levels in FD patients compared
to health, but the impact of confounders, as the use of acid
suppressive therapy for gastrin, the impact of MMC cycle for
motilin, and the accumulation of 5-HT in thrombocytes, was
not taken into account (28-30, 50). In most studies, the levels of
somatostatin, ghrelin, and motilin did not differ between healthy
volunteers and FD patients, however higher symptom burden
was often correlated with higher peptide levels (28, 29, 36, 48).
Nevertheless, most of these studies are limited by small sample
sizes. Furthermore, a study by Russo et al. showed a trend toward
higher somatostatin and motilin levels in EPS patients compared
to PDS patients (32). However, the effect of gut peptides was
mainly analyzed in FD patients as a group compared to healthy
controls and only rarely in terms of EPS vs. PDS subgroups. In
addition, little is known about the relation of gut peptides in FD
patients fulfilling Rome IV criteria. H. pylori associated dyspepsia
patients were shown to have lower CCK levels compared to
H.pylori negative patients (67).

In patients with FD and gastroparesis, the correlation of
gut peptides and gastric emptying was studied. Previously, a
negative correlation was found between acylated ghrelin and
gastric emptying (39). Intravenous administration of ghrelin
increased the appetite in FD and enhanced gastric emptying and
symptoms in idiopathic gastroparesis (43, 47-49). In addition,
intraduodenal administration lipid administration provoked FD
symptoms whose severity was correlated with CCK levels (27).
Nevertheless, studies in which gut peptides are examined after
eating a standard meal with an analysis on symptoms and
motility disturbances, are lacking.

Based on the literature, low grade inflammation with
increased mast cell and eosinophil count would underlie in
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the pathophysiological mechanisms of FGIDs and lead to an
impaired barrier function. Duodenal factors, such as nutrients,
may play a role in the activation of those eosinophils and mast
cells. Therefore, it would be interesting to further investigate
the effect of nutrients or diets on the release of GI peptides
and evaluate this as a potential treatment option for FD or
gastroparesis. Drugs acting on peptide receptors have already
been tested in both groups, but is the scope of the available data
is limited. Ghrelin agonists such as ulimorelin, relamorelin, and
TZP-102, as well as 5-HT4 agonists and CCK antagonists all
showed promising results in terms of improvement of the gastric
emptying (50, 52-55, 66, 117-119). In addition, the use of motilin
receptor agonists (macrolide antibiotics and camicinal) enhanced
the gastric emptying, but there the link with improvement of
symptoms is less predictable (66, 101). Serotonin agonists have
a potential to improve symptoms in both FD and idiopathic
gastroparesis (114, 117-119). Drugs acting on the GLP-1 and on
the PYY receptors deserve further investigation, because of the
link between GLP-1 release and nausea, and the link between
PYY release and postprandial fullness (74).

In summary, there is a clear need for in-depth evaluation
of release of GI peptides after a standard meal in larger

REFERENCES

1. Stanghellini V, Chan FK, Hasler WL, Malagelada JR, Suzuki H, Tack
J, et al. Gastroduodenal disorders. Gastroenterology. (2016) 150:1380-
92. doi: 10.1053/j.gastro.2016.02.011

2. Mahadeva S, Goh KL. Epidemiology of functional
a global vperspective. World ] Gastroenterol. (2006)
6. doi: 10.3748/wjg.v12.i17.2661

3. Piessevaux H, De Winter B, Louis E, Muls V, De Looze D, Pelckmans P,
et al. Dyspeptic symptoms in the general population: a factor and cluster
analysis of symptom groupings. Neurogastroenterol Motil. (2009) 21:378-
88. doi: 10.1111/j.1365-2982.2009.01262.x

4. Sugano K, Tack J, Kuipers EJ, Graham DY, El-Omar EM, Miura S, et al.
Kyoto global consensus report on Helicobacter pylori gastritis. Gut. (2015)
64:1353-67. doi: 10.1136/gutjnl-2015-309252

5. Ford AC, Moayyedi P, Jarbol DE, Logan RF, Delaney BC. Meta-

dyspepsia:
12:2661-

analysis:  Helicobacter — pylori ’test and treat’ compared with
empirical acid  suppression for managing dyspepsia.  Aliment
Pharmacol Ther. (2008) 28:534-44. doi: 10.1111/j.1365-2036.2008.
03784.x

6. Tack J, Talley NJ. Functional dyspepsia—symptoms, definitions and validity
of the Rome III criteria. Nat Rev Gastroenterol Hepatol. (2013) 10:134-
41. doi: 10.1038/nrgastro.2013.14

7. Lacy BE, Weiser KT, Kennedy AT, Crowell MD, Talley NJ. Functional
dyspepsia: the economic impact to patients. Aliment Pharmacol Ther. (2013)
38:170-7. doi: 10.1111/apt.12355

8. Aro P, Talley NJ, Agréus L, Johansson SE, Bolling-Sternevald E, Storskrubb
T, et al. Functional dyspepsia impairs quality of life in the adult population.
Aliment Pharmacol Ther. (2011) 33:1215-24. doi: 10.1111/j.1365-2036.2011.
04640.x

9. El-Serag HB, Talley NJ. Health-related quality of life in functional dyspepsia.

Aliment Pharmacol Ther. (2003) 18:387-93. doi: 10.1046/j.1365-2036.2003.

01706.x

Van Oudenhove L, Vandenberghe J, Vos R, Fischler B, Demyttenaere K, Tack

J. Abuse history, depression, and somatization are associated with gastric

sensitivity and gastric emptying in functional dyspepsia. Psychosom Med.

(2011) 73:648-55. doi: 10.1097/PSY.0b013e31822f32bf

10.

sample sizes of Rome IV PDS and EPS and gastroparesis
patients. This should be complemented with detailed studies
of drugs altering the level of GI peptides or their effect on
their receptors.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation, to any
qualified researcher.

AUTHOR CONTRIBUTIONS

KV, ES, and JT drafted the manuscript. All authors made edits
and corrections and reviewed and approved the final version of
the test.

FUNDING

This research was supported by a Methusalem grant from Leuven
University to JT.

. Drossman  DA. Functional gastrointestinal ~ disorders:  history,
pathophysiology, clinical features and Rome IV. Gastroenterology. (2016)
150:1262-79. doi: 10.1053/j.gastro.2016.02.032

Quigley EM, Lacy BE. Overlap of functional dyspepsia and GERD-diagnostic
and treatment implications. Nat Rev Gastroenterol Hepatol. (2013) 10:175-
86. doi: 10.1038/nrgastro.2012.253

Pleyer C, Bittner H, Locke GR, Choung RS, Zinsmeister AR, Schleck CD,
et al. Overdiagnosis of gastro-esophageal reflux disease and underdiagnosis
of functional dyspepsia in a USA community. Neurogastroenterol Motil.
(2014) 26:1163-71. doi: 10.1111/nmo.12377

Tack ], M. New developments the of
gastroparesis and functional dyspepsia. Curr Opin Pharmacol. (2018)
43:111-7. doi: 10.1016/j.coph.2018.08.015

Stanghellini V Tack ]. Gastroparesis: separate entity or just a part of
dyspepsia? Gut. (2014) 63:1972-8. doi: 10.1136/gutjnl-2013-306084

Hasler WL. Gastroparesis: pathogenesis, diagnosis and management. Nat Rev
Gastroenterol Hepatol. (2011) 8:438-53. doi: 10.1038/nrgastro.2011.116
Hirsch W, Nee J, Ballou S, Petersen T, Friedlander D, Lee
HN, et al. Emergency Department Burden of Gastroparesis in
the United States, 2006 to 2013. ] Clin Gastroenterol. (2019)
53:109-13. doi: 10.1097/MCG.0000000000000972

Drossman DA, Hasler WL. Rome
disorders  of  gut-brain  interaction.
150:1257-61. doi: 10.1053/j.gastro.2016.03.035

Simrén M, Térnblom H, Palsson OS, van Tilburg MAL, Van Oudenhove L,
Tack J, et al. Visceral hypersensitivity is associated with GI symptom severity
in functional GI disorders: consistent findings from five different patient
cohorts. Gut. (2018) 67:255-62. doi: 10.1136/gutjnl-2016-312361

Jones MP, Tack ], Van Oudenhove L, Walker MM, Holtmann G, Koloski
NA, et al. Mood and anxiety disorders precede development of functional
gastrointestinal disorders in patients but not in the population. Clin
Gastroenterol Hepatol. (2017) 15:1014-20.e4. doi: 10.1016/j.cgh.2016.12.032
Van Den Houte K, Carbone F Tack J. Postprandial distress syndrome:
stratification and management. Expert Rev Gastroenterol Hepatol. (2019)
13:37-46. doi: 10.1080/17474124.2019.1543586

Farré R, Vanheel H, Vanuytsel T, Masaoka T, Térnblom H, Simrén M,
et al. In functional dyspepsia, hypersensitivity to postprandial distention

Camilleri in treatment

IV-functional ~ GI
Gastroenterology.

disorders:
(2016)

20.

21.

22.

Frontiers in Psychiatry | www.frontiersin.org

47

March 2020 | Volume 11 | Article 172


https://doi.org/10.1053/j.gastro.2016.02.011
https://doi.org/10.3748/wjg.v12.i17.2661
https://doi.org/10.1111/j.1365-2982.2009.01262.x
https://doi.org/10.1136/gutjnl-2015-309252
https://doi.org/10.1111/j.1365-2036.2008.03784.x
https://doi.org/10.1038/nrgastro.2013.14
https://doi.org/10.1111/apt.12355
https://doi.org/10.1111/j.1365-2036.2011.04640.x
https://doi.org/10.1046/j.1365-2036.2003.01706.x
https://doi.org/10.1097/PSY.0b013e31822f32bf
https://doi.org/10.1053/j.gastro.2016.02.032
https://doi.org/10.1038/nrgastro.2012.253
https://doi.org/10.1111/nmo.12377
https://doi.org/10.1016/j.coph.2018.08.015
https://doi.org/10.1136/gutjnl-2013-306084
https://doi.org/10.1038/nrgastro.2011.116
https://doi.org/10.1097/MCG.0000000000000972
https://doi.org/10.1053/j.gastro.2016.03.035
https://doi.org/10.1136/gutjnl-2016-312361
https://doi.org/10.1016/j.cgh.2016.12.032
https://doi.org/10.1080/17474124.2019.1543586
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Van den Houte et al.

Gut Peptides in Dyspepsia and Gastroparesis

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

correlates with meal-related symptom severity. Gastroenterology. (2013)
145:566-73. doi: 10.1053/j.gastro.2013.05.018

Halmos EP, Power VA, Shepherd SJ, Gibson PR, Muir JG. A diet
low in FODMAPs reduces symptoms of irritable bowel syndrome.
Gastroenterology. (2014) 146:67-75.e5. doi: 10.1053/j.gastro.2013.09.046
Fritscher-Ravens A, Pflaum T, Mosinger M, Ruchay Z, Rocken C, Milla
PJ, et al. Many patients with irritable bowel syndrome have atypical food
allergies not associated with immunoglobulin E. Gastroenterology. (2019)
157:109-18.¢5. doi: 10.1053/j.gastro.2019.03.046

Farré R, Tack J. Food and symptom generation in functional gastrointestinal
disorders: physiological aspects. Am ] Gastroenterol. (2013) 108:698-
706. doi: 10.1038/ajg.2013.24

Depoortere I. Taste receptors of the gut: emerging roles in health and disease.
Gut. (2014) 63:179-90. doi: 10.1136/gutjnl-2013-305112

Bharucha AE, Camilleri M, Burton DD, Thieke SL, Feuerhak KJ, Basu A,
et al. Increased nutrient sensitivity and plasma concentrations of enteral
hormones during duodenal nutrient infusion in functional dyspepsia. Am
] Gastroenterol. (2014) 109:1910-20; quiz 09:21. doi: 10.1038/2jg.2014.330
Bisschops R, Karamanolis G, Arts J, Caenepeel P, Verbeke K, Janssens J,
et al. Relationship between symptoms and ingestion of a meal in functional
dyspepsia. Gut. (2008) 57:1495-503. doi: 10.1136/gut.2007.137125

G, Caenepeel P, Arts J, Tack J. of
symptom pattern in idiopathic severely delayed gastric emptying:
gastric emptying rate or proximal stomach dysfunction? Gut. (2007)
56:29-36. doi: 10.1136/gut.2005.089508

Jonsson BH, Uvnis-Moberg K, Theorell T, Gotthard R. Gastrin,
cholecystokinin, somatostatin  in a laboratory experiment
of patients with functional dyspepsia. Psychosom Med. (1998)
60:331-7. doi: 10.1097/00006842-199805000-00020

He MR, Song YG, Zhi FC. Gastrointestinal hormone abnormalities and G
and D cells in functional dyspepsia patients with gastric dysmotility. World |
Gastroenterol. (2005) 11:443-6. doi: 10.3748/wjg.v11.i3.443
Walecka-Kapica E, Klupinska G, Stec-Michalska K, Olszowiec K, Pawlowicz
M, Chojnacki C. [Gastrin secretion in patients with functional dyspepsia].
Pol Merkur Lekarski. (2009) 26:362—5.

Yoshikawa I, Murata I, Kume K, Kanagawa K, Hirohata Y, Nakamura H,
et al. Serum pepsinogen can predict response to H2-receptor antagonist in
patients with functional dyspepsia. Aliment Pharmacol Ther. (2002) 16:1805-
9. doi: 10.1046/j.1365-2036.2002.01352.x

Russo E, Chimienti G, Clemente C, Riezzo G, D’Attoma B, Martulli M.
Gastric activity and gut peptides in patients with functional dyspepsia:
postprandial distress syndrome versus epigastric pain syndrome. J Clin
Gastroenterol. (2017) 51:136-44. doi: 10.1097/MCG.0000000000000531
Katagiri F Shiga T, Inoue S, Sato Y, Itoh H, Takeyama M. Effects of
itopride hydrochloride on plasma gut-regulatory peptide and stress-related
hormone levels in healthy human subjects. Pharmacology. (2006) 77:115-
21. doi: 10.1159/000093485

Foxx-Orenstein A, Camilleri M, Stephens D, Burton D. Effect of a
somatostatin analogue on gastric motor and sensory functions in healthy
humans. Gut. (2003) 52:1555-61. doi: 10.1136/gut.52.11.1555

Yagi T, Asakawa A, Ueda H, Miyawaki S, Inui A. The role of ghrelin
in patients with functional dyspepsia and its potential clinical relevance
(Review). Int ] Mol Med. (2013) 32:523-31. doi: 10.3892/ijmm.2013.1418
Kim YS, Lee JS, Lee TH, Cho JY, Kim JO, Kim WJ, et al. Plasma levels of
acylated ghrelin in patients with functional dyspepsia. World ] Gastroenterol.
(2012) 18:2231-7. doi: 10.3748/wjg.v18.i18.2231

Shindo T, Futagami S, Hiratsuka T, Horie A, Hamamoto T, Ueki N, et al.
Comparison of gastric emptying and plasma ghrelin levels in patients with
functional dyspepsia and non-erosive reflux disease. Digestion. (2009) 79:65-
72. doi: 10.1159/000205740

Takamori K, Mizuta Y, Takeshima F, Akazawa Y, Isomoto H, Ohnita K,
et al. Relation among plasma ghrelin level, gastric emptying, and psychologic
condition in patients with functional dyspepsia. ] Clin Gastroenterol. (2007)
41:477-83. doi: 10.1097/01.mcg.0000225614.94470.47

Nishizawa T, Suzuki H, Nomoto Y, Masaokas T, Hosoda H,
Mori M, et al. Enhanced plasma ghrelin levels in patients with
functional dyspepsia. Aliment Pharmacol Ther. (2006) 24(Suppl.
4):5104-10. doi: 10.1111/j.1365-2036.2006.00032.x

Karamanolis Determinants

and

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Pilichiewicz AN, Feltrin KL, Horowitz M, Holtmann G, Wishart JM,
Jones KL, et al. Functional dyspepsia is associated with a greater
symptomatic response to fat but not carbohydrate, increased fasting and
postprandial CCK, and diminished PYY. Am ] Gastroenterol. (2008)
103:2613-23. doi: 10.1111/j.1572-0241.2008.02041.x

Akamizu T, Iwakura H, Ariyasu H, Hosoda H, Murayama T, Yokode M, et al.
Repeated administration of ghrelin to patients with functional dyspepsia:
its effects on food intake and appetite. Eur J Endocrinol. (2008) 158:491-
8. doi: 10.1530/EJE-07-0768

Arai M, Matsumura T, Tsuchiya N, Sadakane C, Inami R, Suzuki T,
et al. Rikkunshito improves the symptoms in patients with functional
dyspepsia, accompanied by an increase in the level of plasma ghrelin.
Hepatogastroenterology. (2012) 59:62-6. doi: 10.5754/hge11246

Suzuki H, Matsuzaki J, Fukushima Y, Suzaki E Kasugai K, Nishizawa T,
et al. Randomized clinical trial: rikkunshito in the treatment of functional
dyspepsia—a multicenter, double-blind, randomized, placebo-controlled
study. Neurogastroenterol Motil. (2014) 26:950-61. doi: 10.1111/nmo.12348
Gaddipati KV, Simonian HP, Kresge KM, Boden GH, Parkman HP.
Abnormal ghrelin and pancreatic polypeptide responses in gastroparesis. Dig
Dis Sci. (2006) 51:1339-46. doi: 10.1007/s10620-005-9022-z

Tack ], Depoortere I, Bisschops R, Verbeke K, Janssens ], Peeters T.
Influence of ghrelin on gastric emptying and meal-related symptoms
in idiopathic gastroparesis. Aliment Pharmacol Ther. (2005) 22:847-
53. doi: 10.1111/j.1365-2036.2005.02658.x

Murray CD, Martin NM, Patterson M, Taylor SA, Ghatei MA, Kamm
MA, et al. Ghrelin enhances gastric emptying in diabetic gastroparesis: a
double blind, placebo controlled, crossover study. Gut. (2005) 54:1693-
8. doi: 10.1136/gut.2005.069088

Binn M, Albert C, Gougeon A, Maerki H, Coulie B, Lemoyne M, et al. Ghrelin
gastrokinetic action in patients with neurogenic gastroparesis. Peptides.
(2006) 27:1603-6. doi: 10.1016/j.peptides.2005.12.008

Ejskjaer N, Vestergaard ET, Hellstrom PM, Gormsen LC, Madsbad S, Madsen
JL, et al. Ghrelin receptor agonist (TZP-101) accelerates gastric emptying
in adults with diabetes and symptomatic gastroparesis. Aliment Pharmacol
Ther. (2009) 29:1179-87. doi: 10.1111/.1365-2036.2009.03986.x

Heyland DK, van Zanten ARH, Grau-Carmona T, Evans D, Beishuizen
A, Schouten J, et al. A multicenter, randomized, double-blind study of
ulimorelin and metoclopramide in the treatment of critically ill patients with
enteral feeding intolerance: PROMOTE trial. Intensive Care Med. (2019)
45:647-56. doi: 10.1007/s00134-019-05593-2

Ejskjaer N, Wo JM, Esfandyari T, Mazen Jamal M, Dimcevski G, Tarnow
L, et al. A phase 2a, randomized, double-blind 28-day study of TZP-102a
ghrelin receptor agonist for diabetic gastroparesis. Neurogastroenterol Motil.
(2013) 25:€140-50. doi: 10.1111/nmo.12064

McCallum RW, Lembo A, Esfandyari T, Bhandari BR, Ejskjaer N, Cosentino
C, et al. Phase 2b, randomized, double-blind 12-week studies of TZP-102, a
ghrelin receptor agonist for diabetic gastroparesis. Neurogastroenterol Motil.
(2013) 25:€705-17. doi: 10.1111/nmo.12184

Lembo A, Camilleri M, McCallum R, Sastre R, Breton C, Spence S, et al.
Relamorelin reduces vomiting frequency and severity and accelerates gastric
emptying in adults with diabetic gastroparesis. Gastroenterology. (2016)
151:87-96.¢6. doi: 10.1053/j.gastro.2016.03.038

Camilleri M, McCallum RW, Tack J, Spence SC, Gottesdiener K, Fiedorek
FT. Efficacy and safety of relamorelin in diabetics with symptoms of
gastroparesis: a randomized, Placebo-Controlled Study. Gastroenterology.
(2017) 153:1240-50.€2. doi: 10.1053/j.gastro.2017.07.035

Labo G, Bortolotti M, Vezzadini P, Bonora G, Bersani G. Interdigestive
gastroduodenal motility and serum motilin levels in patients with
idiopathic delay in gastric emptying. Gastroenterology. (1986) 90:20-
6. doi: 10.1016/0016-5085(86)90069-7

Achem-Karam SR, Funakoshi A, Vinik AI, Owyang C. Plasma
motilin  concentration  and  interdigestive = migrating  motor
complex in diabetic gastroparesis: effect of metoclopramide.
Gastroenterology. ~ (1985)  88:492-9.  doi:  10.1016/0016-5085(85)
90512-8

Talley NJ, Verlinden M, Snape W, Beker JA, Ducrotte P, Dettmer A, et al.
Failure of a motilin receptor agonist (ABT-229) to relieve the symptoms of
functional dyspepsia in patients with and without delayed gastric emptying: a

Frontiers in Psychiatry | www.frontiersin.org

48

March 2020 | Volume 11 | Article 172


https://doi.org/10.1053/j.gastro.2013.05.018
https://doi.org/10.1053/j.gastro.2013.09.046
https://doi.org/10.1053/j.gastro.2019.03.046
https://doi.org/10.1038/ajg.2013.24
https://doi.org/10.1136/gutjnl-2013-305112
https://doi.org/10.1038/ajg.2014.330
https://doi.org/10.1136/gut.2007.137125
https://doi.org/10.1136/gut.2005.089508
https://doi.org/10.1097/00006842-199805000-00020
https://doi.org/10.3748/wjg.v11.i3.443
https://doi.org/10.1046/j.1365-2036.2002.01352.x
https://doi.org/10.1097/MCG.0000000000000531
https://doi.org/10.1159/000093485
https://doi.org/10.1136/gut.52.11.1555
https://doi.org/10.3892/ijmm.2013.1418
https://doi.org/10.3748/wjg.v18.i18.2231
https://doi.org/10.1159/000205740
https://doi.org/10.1097/01.mcg.0000225614.94470.47
https://doi.org/10.1111/j.1365-2036.2006.00032.x
https://doi.org/10.1111/j.1572-0241.2008.02041.x
https://doi.org/10.1530/EJE-07-0768
https://doi.org/10.5754/hge11246
https://doi.org/10.1111/nmo.12348
https://doi.org/10.1007/s10620-005-9022-z
https://doi.org/10.1111/j.1365-2036.2005.02658.x
https://doi.org/10.1136/gut.2005.069088
https://doi.org/10.1016/j.peptides.2005.12.008
https://doi.org/10.1111/j.1365-2036.2009.03986.x
https://doi.org/10.1007/s00134-019-05593-2
https://doi.org/10.1111/nmo.12064
https://doi.org/10.1111/nmo.12184
https://doi.org/10.1053/j.gastro.2016.03.038
https://doi.org/10.1053/j.gastro.2017.07.035
https://doi.org/10.1016/0016-5085(86)90069-7
https://doi.org/10.1016/0016-5085(85)90512-8
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Van den Houte et al.

Gut Peptides in Dyspepsia and Gastroparesis

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

randomized double-blind placebo-controlled trial. Aliment Pharmacol Ther.
(2000) 14:1653-61. doi: 10.1046/j.1365-2036.2000.00868.x

Talley NJ, Verlinden M, Geenen DJ, Hogan RB, Riff D, McCallum RW, et al.
Effects of a motilin receptor agonist (ABT-229) on upper gastrointestinal
symptoms in type 1 diabetes mellitus: a randomised, double blind, placebo
controlled trial. Gut. (2001) 49:395-401. doi: 10.1136/gut.49.3.395
McCallum RW, Cynshi O, Investigative Team. Clinical trial: effect of
mitemcinal (a motilin agonist) on gastric emptying in patients with
gastroparesis - a randomized, multicentre, placebo-controlled study. Aliment
Pharmacol Ther. (2007) 26:1121-30. doi: 10.1111/j.1365-2036.2007.03461.x
McCallum RW, Cynshi O, US investigative team. Efficacy of mitemcinal,
a motilin agonist, on gastrointestinal symptoms in patients with
symptoms suggesting diabetic gastropathy: a
center, placebo-controlled trial. Aliment Pharmacol
26:107-16. doi: 10.1111/j.1365-2036.2007.03346.x

Cuomo R, Vandaele P, Coulie B, Peeters T, Depoortere I, Janssens J, et al.
Influence of motilin on gastric fundus tone and on meal-induced satiety
in man: role of cholinergic pathways. Am ] Gastroenterol. (2006) 101:804-
11. doi: 10.1111/j.1572-0241.2005.00339.x

Deloose E, Depoortere I, de Hoon J, Van Hecken A, Dewit OE, Vasist
Johnson LS, et al. Manometric evaluation of the motilin receptor agonist
camicinal (GSK962040) in humans. Neurogastroenterol Motil. (2018)
30:€13173. doi: 10.1111/nmo.13173

Hellstrom P, Tack J, Johnson L, Hacqouil K, Barton M, Richards D, et al.
The pharmacodynamics, safety, and pharmacokinetics of single doses of
the motilin agonist, camicinal, in type 1 diabetes mellitus with slow gastric
emptying. Br ] Pharmacol. (2016) 173:1768-77. doi: 10.1111/bph.13475
Barton ME, Otiker T, Johnson LV, Robertson DC, Dobbins RL,
Parkman HP, et al. A randomized, double-blind, placebo-controlled
phase II study (MOT114479) to evaluate the safety and efficacy and
dose response of 28 days of orally administered camicinal, a motilin
receptor agonist, in diabetics with gastroparesis. Gastroenterology. (2014)
146:S20. doi: 10.1016/S0016-5085(14)60070-6

Chapman MJ, Deane AM, O’Connor SL, Nguyen NQ, Fraser R]J, Richards
DB, et al. The effect of camicinal (GSK962040), a motilin agonist, on gastric
emptying and glucose absorption in feed-intolerant critically ill patients:
a randomized, blinded, placebo-controlled, clinical trial. Crit Care. (2016)
20:232. doi: 10.1186/s13054-016-1420-4

Chiloiro M, Russo E, Riezzo G, Leoci C, Clemente C, Messa C, et al. Effect
of Helicobacter pylori infection on gastric emptying and gastrointestinal
hormones in dyspeptic and healthy subjects. Dig Dis Sci. (2001) 46:46—
53. doi: 10.1023/A:1005601623363

Barbera R, Feinle C, Read NW. Abnormal sensitivity to duodenal lipid
infusion in patients with functional dyspepsia. Eur ] Gastroenterol Hepatol.
(1995) 7:1051-7. doi: 10.1097/00042737-199511000-00007

Feinle C, Meier O, Otto B, D’Amato M, Fried M. Role of duodenal lipid and
cholecystokinin A receptors in the pathophysiology of functional dyspepsia.
Gut. (2001) 48:347-55. doi: 10.1136/gut.48.3.347

van Boxel OS, ter Linde JJ, Oors J, Otto B, Weusten BL, Feinle-Bisset C,
et al. Functional dyspepsia patients have lower mucosal cholecystokinin
concentrations in response to duodenal lipid. Eur J Gastroenterol Hepatol.
(2014) 26:205-12. doi: 10.1097/MEG.0000000000000001

Feinle-Bisset C, Meier B, Fried M, Beglinger C. Role of cognitive factors
in symptom induction following high and low fat meals in patients with
functional dyspepsia. Gut. (2003) 52:1414-8. doi: 10.1136/gut.52.10.1414
Rotondo A, Masuy I, Verbeure W, Biesiekierski JR, Deloose E,
Tack J. Randomised clinical trial: the DPP-4 inhibitor, vildagliptin,
inhibits gastric accommodation and increases glucagon-like peptide-
1 plasma levels in healthy volunteers. Ent Pharmacol Ther. (2019)
49:997-1004. doi: 10.1111/apt.15195

randomized, multi-
Ther. (2007)

Mano FE Ikeda K, Joo E, Yamane S, Harada N, Inagaki N.
Effects of three major amino acids found in Japanese broth
on glucose metabolism and gastric emptying. Nutrition. (2018)

46:153-8.el. doi: 10.1016/j.nut.2017.08.007

Witte AB, Hilsted L, Holst JJ, Schmidt PT. Peptide YY3-36 and glucagon-like
peptide-1 in functional dyspepsia. Secretion and role in symptom generation.
Scand ] Gastroenterol. (2016) 51:400-9. doi: 10.3109/00365521.2015.1101780

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Tack J, Broeckaert D, Coulie B, Janssens J. Influence of cisapride on gastric
tone and on the perception of gastric distension. Alim Pharmacol Ther.
(1998) 12:761-6. doi: 10.1046/j.1365-2036.1998.00366.x

Kessing BE, Smout AJ, Bennink RJ, Kraaijpoel N, Oors JM, Bredenoord
AJ. Prucalopride decreases esophageal acid exposure and accelerates gastric
emptying in healthy subjects. Neurogastroenterol Motil. (2014) 26:1079-
86. doi: 10.1111/nmo.12359

Carbone F Tack J. The effect of prucalopride on gastric accommodation
in healthy volunteers. Neurogastroenterol Motil. (2014) 26(Suppl. 1):3-4.
doi: 10.1111/nmo.12411

Netzer P, Gaia C, Lourens ST, Reber P, Wildi S, Noelpp U, et al. Does
intravenous ondansetron affect gastric emptying of a solid meal, gastric
electrical activity or blood hormone levels in healthy volunteers? Aliment
Pharmacol Ther. (2002) 16:119-27. doi: 10.1046/j.1365-2036.2002.01152.x
Janssen P, Vos R, Van Oudenhove L, Tack J. Influence of the 5-HT(3)
receptor antagonist ondansetron on gastric sensorimotor function and
nutrient tolerance in healthy volunteers. Neurogastroenterol Motil. (2011)
23:444-9.e175. doi: 10.1111/j.1365-2982.2010.01655.x

Van Oudenhove L, Kindt S, Vos R, Coulie B, Tack J. Influence of buspirone
on gastric sensorimotor function in man. Aliment Pharmacol Ther. (2008)
28:1326-33. doi: 10.1111/j.1365-2036.2008.03849.x

Tack ], Janssen P, Masaoka T, Farré R, Van Oudenhove L.
Efficacy of buspirone, a fundus-relaxing drug, in patients
with  functional ~dyspepsia. Clin  Gastroenterol ~ Hepatol. ~ (2012)

10:1239-45. doi: 10.1016/j.cgh.2012.06.036

Geeraerts B, Van Oudenhove L, Boesmans W, Vos R, Vanden Berghe P, Tack
J. Influence of acute tryptophan depletion on gastric sensorimotor function
in humans. Am ] Physiol Gastrointest Liver Physiol. (2011) 300:G228-
35. doi: 10.1152/ajpgi.00020.2010

Tack J, Broekaert D, Coulie B, Fischler B, Janssens J. Influence
of the selective serotonin reuptake inhibitor paroxetine on gastric
sensorimotor function in man. Alim Pharmacol Ther. (2003) 17:603-
8. doi: 10.1046/j.1365-2036.2003.01469.x

Janssen P, Van Oudenhove L, Casteels C, Vos R, Verbeke K, Tack J. The
effects of acute citalopram dosing on gastric motor function and nutrient
tolerance in healthy volunteers. Aliment Pharmacol Ther. (2011) 33:395-
402. doi: 10.1111/j.1365-2036.2010.04522.x

Janssen P, Vos R, Tack J. The influence of citalopram on interdigestive
gastrointestinal motility in man. Aliment Pharmacol Ther. (2010) 32:289-
95. doi: 10.1111/§.1365-2036.2010.04351.x

Wilmer A, Tack ], Coremans G, Janssens J, Peeters T, Vantrappen
G. 5-Hydroxytryptamine3 receptors are involved in the initiation of
gastric phase 3 motor activity in man. Gastroenterology. (1993) 105:773-
80. doi: 10.1016/0016-5085(93)90895-]

Cheung CK, Lee YY, Chan Y, Cheong PK, Law WT, Lee SE et al
Decreased Basal and postprandial plasma serotonin levels in patients
with functional dyspepsia. Clin Gastroenterol Hepatol. (2013) 11:1125-
9. doi: 10.1016/j.cgh.2013.03.026

Cummings DE, Purnell JQ, Frayo RS, Schmidova K, Wisse BE, Weigle
DS. A preprandial rise in plasma ghrelin levels suggests a role in meal
initiation in humans. Diabetes. (2001) 50:1714-9. doi: 10.2337/diabetes.50.
8.1714

Shiiya T, Nakazato M, Mizuta M, Date Y, Mondal MS, Tanaka M,
et al. Plasma ghrelin levels in lean and obese humans and the effect of
glucose on ghrelin secretion. J Clin Endocrinol Metab. (2002) 87:240-
4. doi: 10.1210/jcem.87.1.8129

Tschop M, Weyer C, Tataranni PA, Devanarayan V, Ravussin E, Heiman ML.
Circulating ghrelin levels are decreased in human obesity. Diabetes. (2001)
50:707-9. doi: 10.2337/diabetes.50.4.707

Suzuki H, Masaoka T, Hosoda H, Nomura S, Ohara T, Kangawa K, et al.
Plasma ghrelin concentration correlates with the levels of serum pepsinogen
I and pepsinogen I/II ratio-a possible novel and non-invasive marker for
gastric atrophy. Hepatogastroenterology. (2004) 51:1249-54.

Kawashima ], Ohno S, Sakurada T, Takabayashi H, Kudo M, Ro
S, et al. Circulating acylated ghrelin level decreases in accordance
with the extent of atrophic gastritis. ] Gastroenterol. (2009) 44:1046—
54. doi: 10.1007/s00535-009-0120-0

Frontiers in Psychiatry | www.frontiersin.org

49

March 2020 | Volume 11 | Article 172


https://doi.org/10.1046/j.1365-2036.2000.00868.x
https://doi.org/10.1136/gut.49.3.395
https://doi.org/10.1111/j.1365-2036.2007.03461.x
https://doi.org/10.1111/j.1365-2036.2007.03346.x
https://doi.org/10.1111/j.1572-0241.2005.00339.x
https://doi.org/10.1111/nmo.13173
https://doi.org/10.1111/bph.13475
https://doi.org/10.1016/S0016-5085(14)60070-6
https://doi.org/10.1186/s13054-016-1420-4
https://doi.org/10.1023/A:1005601623363
https://doi.org/10.1097/00042737-199511000-00007
https://doi.org/10.1136/gut.48.3.347
https://doi.org/10.1097/MEG.0000000000000001
https://doi.org/10.1136/gut.52.10.1414
https://doi.org/10.1111/apt.15195
https://doi.org/10.1016/j.nut.2017.08.007
https://doi.org/10.3109/00365521.2015.1101780
https://doi.org/10.1046/j.1365-2036.1998.00366.x
https://doi.org/10.1111/nmo.12359
https://doi.org/10.1111/nmo.12411
https://doi.org/10.1046/j.1365-2036.2002.01152.x
https://doi.org/10.1111/j.1365-2982.2010.01655.x
https://doi.org/10.1111/j.1365-2036.2008.03849.x
https://doi.org/10.1016/j.cgh.2012.06.036
https://doi.org/10.1152/ajpgi.00020.2010
https://doi.org/10.1046/j.1365-2036.2003.01469.x
https://doi.org/10.1111/j.1365-2036.2010.04522.x
https://doi.org/10.1111/j.1365-2036.2010.04351.x
https://doi.org/10.1016/0016-5085(93)90895-J
https://doi.org/10.1016/j.cgh.2013.03.026
https://doi.org/10.2337/diabetes.50.8.1714
https://doi.org/10.1210/jcem.87.1.8129
https://doi.org/10.2337/diabetes.50.4.707
https://doi.org/10.1007/s00535-009-0120-0
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Van den Houte et al.

Gut Peptides in Dyspepsia and Gastroparesis

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Lee KJ, Cha DY, Cheon §J, Yeo M, Cho SW. Plasma ghrelin levels and
their relationship with gastric emptying in patients with dysmotility-like
functional dyspepsia. Digestion. (2009) 80:58-63. doi: 10.1159/000215389
Shinomiya T, Fukunaga M, Akamizu T, Irako T, Yokode M, Kangawa K,
et al. Plasma acylated ghrelin levels correlate with subjective symptoms
of functional dyspepsia in female patients. Scand ] Gastroenterol. (2005)
40:648-53. doi: 10.1080/00365520510015403

Deloose E, Janssen P, Depoortere I, Tack J. The migrating motor complex:
control mechanisms and its role in health and disease. Nat Rev Gastroenterol
Hepatol. (2012) 9:271-85. doi: 10.1038/nrgastro.2012.57

Wilmer A, Van Cutsem E, Andrioli A, Tack ], Coremans G, Janssens
J. Prolonged ambulatory gastrojejunal manometry in severe motility-like
dyspepsia: lack of correlation between dysmotility, symptoms and gastric
emptying. Gut. (1998) 42:235-42. doi: 10.1136/gut.42.2.235

Kamerling IM, Van Haarst AD, Burggraaf ], Schoemaker RC, Biemond I,
Heinzerling H, et al. Motilin effects on the proximal stomach in patients with
functional dyspepsia and healthy volunteers. Am ] Physiol Gastrointest Liver
Physiol. 284:G776-81. doi: 10.1152/ajpgi.00456.2002

Imura H, Seino Y, Mori K, Itoh Z, Yanaihara N. Plasma motilin levels
in normal subjects and patients with diabetes mellitus and certain other
diseases. Fasting levels and responses to food and glucose. Endocrinol Jpn.
(1980) 27(Suppl. 1):151-5. doi: 10.1507/endocrj1954.27.Supplement_151
Tack J, Deloose E, Ang D, Scarpellini E, Vanuytsel T, Van Oudenhove L,
et al. Motilin-induced gastric contractions signal hunger in man. Gut. (2016)
65:214-24. doi: 10.1136/gutjnl-2014-308472

Janssens J, Peeters TL, Vantrappen G, Tack ], Urbain JL, De Roo
M, et al. Improvement of gastric emptying in diabetic gastroparesis
by erythromycin. Preliminary studies. N Engl J Med. (1990) 322:1028-
31. doi: 10.1056/NEJM199004123221502

Arts J, Caenepeel P, Verbeke K, Tack J. Influence of erythromycin on gastric
emptying and meal related symptoms in functional dyspepsia with delayed
gastric emptying. Gut. (2005) 54:455-60. doi: 10.1136/gut.2003.035279
Larson JM, Tavakkoli A, Drane WE, Toskes PP, Moshiree B. Advantages
of azithromycin over erythromycin in improving the gastric emptying half-
time in adult patients with gastroparesis. ] Neurogastroenterol Motil. (2010)
16:407-13. doi: 10.5056/jnm.2010.16.4.407

Tack ], Peeters TL. What comes after macrolides and other motilin
stimulants? Gut. (2001) 49:317-8. doi: 10.1136/gut.49.3.317

Russo A, Stevens JE, Giles N, Krause G, O’Donovan DG, Horowitz
M, et al. Effect of the motilin agonist KC 11458 on gastric emptying
in diabetic gastroparesis. Aliment Pharmacol Ther. (2004) 20:333-
8. doi: 10.1111/j.1365-2036.2004.02066.x

Chua AS, Keeling PW, Dinan TG. Role of cholecystokinin and central
serotonergic receptors in functional dyspepsia. World ] Gastroenterol. (2006)
12:1329-35. doi: 10.3748/wjg.v12.i9.1329

Fried M, Feinle C. The role of fat and cholecystokinin in functional
dyspepsia. Gut. (2002) 51(Suppl. 1):i54-7. doi: 10.1136/gut.51.suppl_1.i54
Scarpignato C, Varga G, Corradi C. Effect of CCK and its
antagonists on  gastric emptying. ] Physiol. (1993) 87:291-
300. doi: 10.1016/0928-4257(93)90035-R

Chua AS, Keeling PW. Cholecystokinin hyperresponsiveness in
functional dyspepsia. World ] Gastroenterol. (2006) 12:2688-93.
doi: 10.3748/wjg.v12.i117.2688

Adrian TE, Ferri GL, Bacarese-Hamilton AJ, Fuessl HS, Polak JM, Bloom
SR. Human distribution and release of a putative new gut hormone,
peptide YY. Gastroenterology. (1985) 89:1070-7. doi: 10.1016/0016-5085(85)
90211-2

Gershon MD, Tack J. The serotonin signalling system: from basic
understanding to drug development for functional GI disorders.
Gastroenterology.  (2007)  219:172-80.  doi:  10.1053/j.gastro.2006.
11.002

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Kidd M, Modlin IM, Gustafsson BI, Drozdov I, Hauso O, Pfragner
R. Luminal regulation of normal and neoplastic human EC cell
serotonin release is mediated by bile salts, amines, tastants, and
olfactants. Am ] Physiol Gastrointest Liver Physiol. (2008) 295:G260-
72. doi: 10.1152/ajpgi.00056.2008

Atkinson W, Lockhart S, Whorwell PJ, Keevil B, Houghton LA. Altered
5-hydroxytryptamine signaling in patients with constipation- and diarrhea-
predominant irritable bowel syndrome. Gastroenterology. (2006) 130:34-
43. doi: 10.1053/j.gastro.2005.09.031

Dunlop SP, Coleman NS, Blackshaw E, Perkins AC, Singh G,
Marsden CA, et al. Abnormalities of 5-hydroxytryptamine metabolism
in irritable bowel syndrome. Clin Gastroenterol Hepatol. (2005)
3:349-57. doi: 10.1016/S1542-3565(04)00726-8

Tack ], Van den Houte K, Carbone F. The unfulfilled promise of prokinetics
for functional dyspepsia/postprandial distress syndrome. Am ] Gastroenterol.
(2019) 114:204-6. doi: 10.14309/ajg.0000000000000072

Hallerback BI, Bommelaer G, Bredberg E, Campbell M, Hellblom M,
Lauritsen K, et al. Dose finding study of mosapride in functional dyspepsia:
a placebo-controlled, randomized study. Aliment Pharmacol Ther. (2002)
16:959-67. doi: 10.1046/j.1365-2036.2002.01236.x

Tack J, Rotondo A, Meulemans A, Thielemans L, Cools M. Randomized
clinical trial: a controlled pilot trial of the 5-HT4 receptor agonist revexepride
in patients with symptoms suggestive of gastroparesis. Neurogastroenterol
Motil. (2016) 28:487-97. doi: 10.1111/nmo.12736

Jin M, Mo Y, Ye K, Chen M, Liu Y, He C. Efficacy of serotonin receptor
agonists in the treatment of functional dyspepsia: a meta-analysis. Arch Med
Sci. (2019) 15:23-32. doi: 10.5114/a0ms.2017.69234

Carbone F, Van den Houte K, Clevers E, Andrews CN, Papathanasopoulos
A, Holvoet L, et al. Prucalopride in gastroparesis: a randomized
placebo-controlled crossover study. Am ] Gastroenterol. (2019) 114:1265-
74. doi: 10.14309/ajg.0000000000000304

Abell T, Kuo B, Esfandyari T, Canafax D, Camerini R, Grimaldi
M, et al. Velusetrag improves gastroparesis both in symptoms and
gastric emptying in patients with diabetic or idiopathic gastroparesis

in a 12-week global phase 2B study. Gastroenterology. (2019)
156:5164. doi: 10.1016/S0016-5085(19)37201-4
Midani D, Parkman HP. Granisetron transdermal system for

treatment of symptoms of gastroparesis: a prescription registry study. J
Neurogastroenterol Motil. (2016) 22:650-5. doi: 10.5056/jnm15203
Simmons K, Parkman HP. Granisetron transdermal system improves
refractory nausea and vomiting in gastroparesis. Dig Dis Sci. (2014) 59:1231-
4. doi: 10.1007/s10620-014-3097-3

Conflict of Interest: JT has given Scientific advice to AlfaWassermann, Allergan,
Christian Hansen, Danone, Griinenthal, Ironwood, Janssen, Kiowa Kirin,
Menarini, Mylan, Neutec, Novartis, Noventure, Nutricia, Shionogi, Shire, Takeda,
Theravance, Tramedico, Truvion, Tsumura, Zealand, and Zeria pharmaceuticals
and has served on the Speaker bureau for Abbott, Allergan, AstraZeneca, Janssen,
Kyowa Kirin, Menarini, Mylan, Novartis, Shire, Takeda, Truvion, and Zeria.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2020 Van den Houte, Scarpellini, Verbeure, Mori, Schol, Masuy,
Carbone and Tack. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Psychiatry | www.frontiersin.org

50

March 2020 | Volume 11 | Article 172


https://doi.org/10.1159/000215389
https://doi.org/10.1080/00365520510015403
https://doi.org/10.1038/nrgastro.2012.57
https://doi.org/10.1136/gut.42.2.235
https://doi.org/10.1152/ajpgi.00456.2002
https://doi.org/10.1507/endocrj1954.27.Supplement_151
https://doi.org/10.1136/gutjnl-2014-308472
https://doi.org/10.1056/NEJM199004123221502
https://doi.org/10.1136/gut.2003.035279
https://doi.org/10.5056/jnm.2010.16.4.407
https://doi.org/10.1136/gut.49.3.317
https://doi.org/10.1111/j.1365-2036.2004.02066.x
https://doi.org/10.3748/wjg.v12.i9.1329
https://doi.org/10.1136/gut.51.suppl_1.i54
https://doi.org/10.1016/0928-4257(93)90035-R
https://doi.org/10.3748/wjg.v12.i17.2688
https://doi.org/10.1016/0016-5085(85)90211-2
https://doi.org/10.1053/j.gastro.2006.11.002
https://doi.org/10.1152/ajpgi.00056.2008
https://doi.org/10.1053/j.gastro.2005.09.031
https://doi.org/10.1016/S1542-3565(04)00726-8
https://doi.org/10.14309/ajg.0000000000000072
https://doi.org/10.1046/j.1365-2036.2002.01236.x
https://doi.org/10.1111/nmo.12736
https://doi.org/10.5114/aoms.2017.69234
https://doi.org/10.14309/ajg.0000000000000304
https://doi.org/10.1016/S0016-5085(19)37201-4
https://doi.org/10.5056/jnm15203
https://doi.org/10.1007/s10620-014-3097-3
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

l\' frontiers
in Psychiatry

ORIGINAL RESEARCH
published: 24 March 2020
doi: 10.3389/fpsyt.2020.00197

OPEN ACCESS

Edited by:

Andreas Stengel,

Charité — Universitatsmedizin
Berlin, Germany

Reviewed by:

Tamas Kozicz,

Mayo Clinic, United States
Bjoern Horing,

University Medical Center
Hamburg-Eppendorf, Germany

*Correspondence:
Sigrid Elsenbruch
Sigrid. Elsenbruch@uk-essen.de

Specialty section:

This article was submitted to
Psychosomatic Medicine,

a section of the journal
Frontiers in Psychiatry

Received: 09 September 2019
Accepted: 28 February 2020
Published: 24 March 2020

Citation:

Labrenz F, Knuf-Rtveliashvili S and
Elsenbruch S (2020) Sex Differences
Linking Pain-Related Fear and
Interoceptive Hypervigilance:
Attentional Biases to Conditioned
Threat and Safety Signals in a Visceral
Pain Model. Front. Psychiatry 11:197.
doi: 10.3389/fpsyt.2020.00197

Check for
updates

Sex Differences Linking Pain-Related
Fear and Interoceptive
Hypervigilance: Attentional Biases to
Conditioned Threat and Safety
Signals in a Visceral Pain Model

Franziska Labrenz, Sopiko Knuf-Rtveliashvili and Sigrid Elsenbruch*

Institute of Medical Psychology & Behavioral Immunobiology, University Hospital Essen, University of Duisburg-Essen, Essen,
Germany

Although the broad role of fear and hypervigilance in conditions of the gut-brain axis
like irritable bowel syndrome is supported by converging evidence, the underlying
mechanisms remain incompletely understood. Even in healthy individuals, it remains
unclear how pain-related fear may contribute to pain-related attentional biases for acute
visceral pain. Building on our classical fear conditioning work in a clinically relevant
model of visceral pain, we herein elucidated pain-related attentional biases shaped
by associative learning in healthy women and men, aiming to elucidate possible sex
differences and the role of psychological traits. To this end, we compared the impact
of differentially conditioned pain-predictive cues on attentional biases in healthy women
and men. Sixty-four volunteers accomplished a visual dot-probe task and subsequently
underwent pain-related fear conditioning where one visual cue (CS™) was contingently
paired with a painful rectal distention (US) while another cue remained unpaired (CS™).
During the following test phase, the dot-probe task was repeated to investigate changes
in attentional biases in response to differentially valenced cues. While pain-related
learning was comparable between groups, men revealed more pronounced attentional
engagement with the CS*™ and CS~ whereas women demonstrated stronger difficulties
to disengage from the CS™ when presented with a neutral cue. However, when both CS*
and CS™ were presented together, women revealed stronger difficulties to disengage
from the CS™. Regression analyses revealed an interaction of sex, with negative
affect predicting stronger avoidance of the CS™ and stronger difficulties to disengage
attention from the CS~ in men. These results provide first evidence that pain-related
fear conditioning may induce attentional biases differentially in healthy women and
men. Hence, sex differences may play a role in attentional mechanisms underlying
hypervigilance, and may be modulated by psychological vulnerability factors relevant to
chronic visceral pain.
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Labrenz et al.

Sex Differences in Fear-Induced Interoceptive Hypervigilance

INTRODUCTION

Fear is a potent motivator that drives learning and behavior.
It serves to rapidly shift attention toward signals of threat
in order to avoid bodily harm, engage in self-protection and
seek safety. Although adaptive by nature, fear and ensuing
avoidance behaviors can also become maladaptive, with broad
implications for the pathophysiology and treatment of chronic
pain (1, 2). The fear-avoidance model of pain proposes a
vicious cycle of pain-related fear, hypervigilance and avoidance,
maintained, and modulated by psychological vulnerability
factors like anxiety, catastrophizing, and negative affect (3, 4).
Pain-related fear is essentially governed by the principles of
classical and instrumental conditioning, engaging attentional
resources that are relevant to hypervigilance, and avoidance.
As an inherently fear-evoking stimulus, pain attracts strong
attentional responses leading to increased sensitivity for negative
information and aberrant attentional orienting toward threat
(5, 6). These responses involve opposing, yet inextricably
linked mechanisms of facilitated engagement toward threat,
avoidance and difficulties to disengage with individuals orienting
toward or away from threat early during attentional processing
and subsequent avoidance at later stages (7, 8). While these
processes are broadly established in the context of anxiety and
posttraumatic stress (9, 10), evidence in the context of pain-
related fear remains scarce and inconsistent (6, 11), especially
with regard to interoceptive, visceral pain. Visceral pain is of high
clinical relevance, specifically in conditions of the gut-brain axis
like irritable bowel syndrome (IBS). Compared to other types of
exteroceptive pain, visceral pain is considered to be characterized
by a unique biological salience, as supported by greater visceral
pain-related fear and enhanced pain-related learning (12, 13),
making this a suitable preclinical model to study pain-related
attentional biases. While numerous studies addressed attentional
biases toward threat only, safety cues signaling the absence of an
aversive event were also found to induce attentional biases (14)
and are prioritized under threatening conditions (15). Specifically
in visceral pain, patients (16, 17) and healthy individuals (18)
demonstrated enhanced awareness of safety cues suggesting that
attentional biases may also pertain to safety cues.

Building on our conditioning work in a clinically relevant
model of visceral pain (19-21), we herein aimed to elucidate
attentional biases induced by conditioned pain-related fear and
safety signals in healthy volunteers. Inspired by broad knowledge
about higher prevalence and incidence of chronic visceral pain in
women (22), initial evidence suggesting sex differences in pain-
related fear conditioning (23) and attentional coping strategies
(24), we a priori committed to elucidating sex differences.
Moreover, pain-related attentional biases seem to vary as a
function of inter-individual differences in anxiety sensitivity and
catastrophizing, but findings are heterogeneous (22, 25-27).

We herein employed a visual dot-probe task to address
whether conditioning results in attentional biases related to
attentional avoidance, facilitated engagement and/ or difficulties
to disengage from pain-related threat and safety cues. We
hypothesized that women would demonstrate more pronounced
attentional biases toward threat cues, reflected by stronger

engagement at short stimulus durations, as well as stronger
difficulties to disengage at longer stimulus durations. Moreover,
we assumed that women would demonstrate more pronounced
biases to safety cues as conditioned inhibitors of fear responses
and a clinically relevant phenotype in anxiety-related disorders
(28). Finally, we explored the sex-specific role of psychological
vulnerability factors as predictors, specifically aiming to assess a
greater contribution of anxiety, negative affect as well as coping
and catastrophizing to pain-related attentional biases in women.

MATERIALS AND METHODS

Recruitment

The study protocol followed the rules stated in the Declaration
of Helsinki and was approved by the local Ethics Committee
of the University Hospital Essen, Germany (approval #10-4493).
Recruitment and data collection were conducted between August
2016 and December 2017. The recruitment and screening process
followed our group’s established procedures in place for all
visceral pain studies involving rectal distensions, and included
a structured telephone screening and personal interview with a
medical examination conducted by a physician.

To calculate the required sample size, we performed a power
analysis using G*Power (version 3.1.9.2) (29). To detect between-
groups effects of sex, we specified two groups, i.e., women and
men, and eight measurements, i.e., four conditions of the dot-
probe task at baseline and during the test phase presenting CS™
and CS™ each with a neutral cue, CS* and CS™ together and
one condition only presenting neutral cues. Based on the meta-
analysis by (11) reporting attentional biases toward signals of
impending experimental pain in healthy individuals, we assumed
a medium effect size of Cohen’s d = 0.676 (conforming to Cohen’s
f =0.338). With an actual power of 0.95, the required sample size
included 66 participants with a critical F-value of 3.99.

Based on local advertisement, we were initially contacted
via telephone or email by a total of N = 143 interested
individuals. After providing more detailed study information,
N = 102 individuals agreed to participate in our structured
telephone screening. Exclusion criteria were age <18 or >45
years, body mass index (BMI) <18 or >30, any known
medical or psychological health condition, chronic medication
use except occasional use of over-the-counter allergy or pain
medications, and prior participation in any other conditioning
study conducted by our group. Moreover, we excluded free-
cycling women based on self-report to avoid confounding effects
of cyclical fluctuations of sex hormones. During telephone
screening, a total of N = 26 individuals were excluded. All others
(N = 76) were then scheduled for a personal interview at the
University Hospital Essen. During the interview, participants
were screened for current anxiety or depression symptoms using
the German version of the Hospital Anxiety and Depression
Scale (HADS; Cronbachs alpha o = 0.80 for the anxiety
subscale and o = 0.81 for the depression subscale) (30) and for
symptoms suggestive of any functional or organic gastrointestinal
condition based on a standardized in-house questionnaire (31).
All participants were further evaluated digitally for perianal tissue
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damage (e.g., painful hemorrhoids). Based on these screening
criteria, N = 5 individuals were excluded due to HADS scores
>8, N = 3 due to increased gastrointestinal symptoms >13,
and N = 1 due to anal tissue damage. Further, on the day of
the experimental study, two participants missed the appointment
and one participant terminated the study during the second run
of the dot-probe task. The final sample that we herein report on
thus includes 64 healthy volunteers (32 women, 32 men).

Study Design and Procedures

Prior to study participation, all participants were instructed
not to eat, drink, or exercise within 2h before arrival to the
laboratory. Participants completed the study protocol within
~2h between 09:00 and 16:00h. Upon arrival, participants
gave written informed consent and completed the questionnaire
battery and then underwent the TMT and Stroop test (see below).
For women, pregnancy was routinely excluded by commercially
available urinary test upon arrival. All participants were tested
in a medically-equipped, sound-shielded, and dimly lit room
and were positioned in a hospital bed. The rectal balloon was
subsequently placed, sensory thresholds were determined, and
distension pressure for implementation during conditioning was
individually calibrated based on the rectal pain threshold (for
details, see below). All instructions and tasks were presented
on a 22-inch widescreen monitor with 60 Hz refresh rate and a
display resolution of 1,680 x 1,050 pixels at a viewing distance
of ~140cm. All measurements were performed by the same
female tester.

The study design consisted of a mixed-group (women, men)
repeated-measures design with three consecutive experimental
phases (Figure 1A): A visual dot-probe task (baseline, for details
on the task see below) was followed by fear conditioning, after
which the same visual dot-probe task was repeated during
the test phase. For conditioning, explained in detail below,
we implemented an established differential delay conditioning
paradigm with individually calibrated painful rectal distensions
as interoceptive unconditioned stimuli, carried out with
a pressure-controlled barostat system, and visual cues as
conditioned stimuli (CS). The total duration of the dot-probe
task varied between participants with a notional minimum
duration of 4.67 min assuming overall reaction times of 200 ms
and a maximum duration of 13.07 min assuming the longest
possible reaction time of 2,000 ms with an average of 8.87 min.
After completion of the first dot-probe task, instructions
were given for the conditioning procedure that commenced
immediately afterwards. The total duration of the conditioning
procedure was 7.77 min. Subsequently, the study investigator
informed the participant that a second run of the dot-probe task
using the same procedure as during the first run will immediately
start. Together, average duration for all three experimental
phases was 25.51 min.

Questionnaire Battery and
Neuropsychological Testing

On the study day, participants initially completed a questionnaire
battery assessing sociodemographic variables as well as several
psychological characteristics. Trait anxiety was measured with

the State Trait Anxiety Inventory (STAI-T; o between 0.88
and 0.94) (32) as a self-report of stable aspects of anxiety
proneness. To assess situation-specific aspects of cognitive coping
and catastrophizing with pain, we used the Pain-Related Self
Statements Scale (PRSS; o = 0.92) (33). In addition, we measured
current emotional states and fluctuations using the Positive
and Negative Affect Schedule (PANAS; for both subscales
o = 0.86) (34).

Moreover, the Trail Making Test (TMT) and Stroop Color
Word Test were administered as control parameters for possible
differences between women and men in attentional and executive
functioning. The TMT is a neuropsychological task proposed
to measure selective attention and processing speed in version
A and set shifting in version B (35, 36), with first evidence
suggesting that healthy women perform worse on version B (37).
The Stroop test is thought to provide a measure of cognitive
inhibition (38, 39). However, evidence regarding sex differences
remains scarce and has so far yielded inconclusive results (40, 41).

Visual Dot-Probe Task and Attentional Bias

Assessment

The visual dot-probe task employed in the present study
was used to assess the phenomenological characteristics of
attentional biases that have previously been determined in
various empirical investigations (7): attentional avoidance,
engagement and disengagement. Most studies on attentional
biases in chronic pain so far utilized words or varying categories
of pictures or facial expressions that however raised concerns
about their ecological validity and that may not be sufficiently
intense to induce attentional biases (42). Therefore, it has been
proposed that stimuli need to be sufficiently matched to the
individual qualities of pain-related fear (26), for instance through
instructed fear stimuli (43) or differential conditioning (44, 45).
We herein modified the original dot-probe task (46) by utilizing
differentially valenced visual stimuli induced through differential,
pain-related fear conditioning.

Moreover, many studies utilizing the dot-probe task have
encountered methodological and analytical problems due to
the absence of baseline measures. Herein, the implementation
of neutral stimuli within conditions creates a neutral baseline
against which responses toward threat and safety cues can
be compared and therefore allows to specifically determine
the type of attentional bias observed (47, 48). Likewise, the
implementation of a baseline measurement of the dot-probe
task before pain-related fear conditioning allows assessing
intra-individual changes in attentional biases in response to
experimentally induced pain-related fear and safety cues in a
within-subject design.

Finally, while common dot-probe tasks often employ static
stimulus durations, we furthermore aimed to elucidate the
time course of attentional biases by varying the time between
stimulus onset and appearance of the probe. According to a
two-stage model proposing that initial attentional vigilance is
followed by attentional avoidance, some studies yet revealed that
the utilization of short and long stimulus durations captures
attentional features occurring prior to attentional avoidance (49,
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FIGURE 1 | Study design and experimental procedure. Schematic illustration of the experimental procedure (A) and conditions during the dot-probe task (B).

(A) Participants initially accomplished a dot-probe task (baseline) during which three different visual cues were used as stimulus material. Participants were instructed
to respond by button press to the dot appearing either on the left or right side of the fixation cross. During the subsequent fear-conditioning procedure, one visual cue
(CS™) was repeatedly paired with a rectal distension (US) while a second visual cue (CS™) was presented without US. Only two out of three visual cues were presented
during conditioning. Afterwards participants completed a second run of the dot-probe task (test phase) with the same visual stimuli presented during the baseline
task. After each phase, visual analog scale (VAS) ratings of CS valence and CS-US contingency (only after fear conditioning) were accomplished. (B) In the dot-probe
task, counterbalanced and randomized order of the three different visual cues yielded four conditions. The cues are color-coded for visual purposes only to illustrate
the different CS valences acquired after conditioning. For the CS* /CS" and CS~ /CS" conditions, trials were considered congruent if the dot-probe appeared at the
location previously occupied by the CS* (shown in red) or CS~ (shown in green) and incongruent, if the dot appeared at the location previously occupied by the
neutral cue (shown in gray). When CS* and CS~ where presented together, the dot-probe was considered CS*-congruent when it appeared at the location
previously occupied by the CS*T and CS~-congruent when the dot appeared at the location previously occupied by the CS~. During the neutral condition, only neutral
cues were presented.

cs"/csn

(8, 51,

50). Moreover, Koster et al. (8) have emphasized the potential
interaction of stimulus duration and threat value, indicating
that attentional biases may show different phenomenological
characteristics which has been corroborated by multiple studies
demonstrating stimulus duration to exert a moderating effect

52). Specifically, stimuli of high biological significance
like pain can immediately draw attention to the potential source
of threat even before conscious perception and evaluation (53),
suggesting that acquired signals of imminent threat as well as
safety cues signaling the absence of pain may likewise occupy
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different phenomenological and temporal characteristics. We
herein adopted presentation times from (8) who demonstrated
the impact of stimulus duration and threat value on the time
course of attentional biases using pictorial stimuli.

Each trial consisted of the following sequence (Figure 1A):
First, a fixation cross was displayed in the center of the screen
for 500 ms. Then, a stimulus pair of geometric symbols was
presented with one stimulus presented left and one stimulus
presented right from the fixation cross with a variable duration of
either 100 or 500 ms. After a blank screen depicting the fixation
cross for 50 ms, a dot appeared either on the left or right side
from the fixation cross at the same location occupied by one
of the stimuli before. Participants were asked to respond as fast
as possible to the dot with button press of the corresponding
arrow key on a keyboard. If a response was registered, the dot
disappeared or if no response was registered, the dot lasted until
a maximum response time set at 2,000 ms. Inter-trial intervals
(ITI) were 750 ms. Randomizing and counterbalancing stimulus
presentation across trials and stimuli across the left and right
side of the fixation cross resulted in four conditions (Figure 1B),
presenting the CS™ with a neutral cue (CS™ + CS®; CS" + CS™),
presenting the CS™ with a neutral cue (CS™ 4+ CS"; CS" + CS™),
conditions presenting the CST and CS™ together (CST + CS™;
CS™ + CS™) and neutral trials (CS™ + CS™). For each run of the
dot-probe task, 280 trials were presented, 80 per each condition
presenting a CST and/ or CS™ and 40 trials presenting only
neutral cues.

As main outcome, reaction time (RT) was recorded on
each trial to assess the speed of response to the location of
the dot-probe. Before statistical analyses, premature responses
<100 ms, missing and false responses were removed from RT
data according to empirical recommendations for analyses of
the dot-probe task (50). Mean RT was calculated for each
condition, type of congruency (congruent, incongruent) and
stimulus duration (100, 500 ms) for the dot-probe task at baseline
and during the test phase. Type of congruency was determined
using target t and dot-probe d appearing either on the left [
or right r side. A trial is considered congruent when the dot
appears at the same location as the previously displayed target
stimulus, calculating the mean RT as RTcongruent = (RTyar +
RT\.4r)/2. On incongruent trials, the dot appears at the location
of the neutral stimulus and is calculated as RTincongruent = (RT gy
+ RTyq)/2. Trials presenting both CS* and CS™ represent a
special case where trials can be determined as CS™-congruent if
the dot appears at the location of the CS*, and CS™-congruent
if the dot appears at the location of the CS™. Likewise, mean RT
for the neutral condition presenting only neutral CS that were
not subjected to fear conditioning were calculated as RTeyqral =
(RTyq+ RTqdr + RTygr + RTyqr)/4. Outlying RT values were
then identified based on the interquartile range (IQR) with a
lower threshold of Q1—1.5 x IQR and the upper threshold of
Q3—-1.5 x IQR.

Indices of attentional avoidance, engagement and
disengagement were calculated for each condition following
previous studies (8, 54). Attentional avoidance was calculated
as RTincongruent—RTcongruent With negative scores indicating
stronger attentional avoidance. Attentional engagement was

calculated as RT eytral~RT congruent With positive scores indicating
enhanced attentional capture and negative scores indicating
slower attentional engagement. Attentional disengagement
was calculated as RTjeutral~RTincongruent With negative scores
indicating stronger attentional vigilance with difficulty to divert
onto another stimulus and positive scores indicating faster
attention away from the cue. For all these indices, a score of
zero implies no differences either in attentional avoidance,
engagement or disengagement.

Visceral Pain Model and Conditioning

Rectal distensions were carried out with a pressure-controlled
barostat system (modified ISOBAR 3 device, G & ] Electronics,
Toronto, ON, Canada). Sensory and pain thresholds were
determined using the ascending method of limits delivering
distensions with random pressure increments of 5 mmHg and a
maximal distension pressure of 50 mmHg as previously described
(31, 55, 56). During conditioning, individually calibrated rectal
distensions were implemented as interoceptive painful US.
To this end, prior to the baseline dot-probe task, individual
US intensity was carefully titrated. Participants rated selected
pressures (i.e., starting with pressures just below pain threshold)
on a visual analog scale (VAS) ranging from 0 to 100 with
endpoints labeled “not painful at all” and “very painful.” When
participants rated pain intensities between 60 and 70, the
corresponding pressure was chosen for US presentation during
the conditioning procedure.

During conditioning, one geometric visual symbol (CS*)
was consistently paired with a painful rectal distension (US)
while a second visual cue (CS™) was never followed by the US
(differential delay conditioning) (Figure 1A). Overall, 32 CS were
presented (16 CST and 16 CS™) in pseudo-randomized order
with a 75% reinforcement schedule, i.e., 12 out of 16 CS™ were
followed by a US and 4 CS™ remained unpaired. Duration of
distensions was 16s and US onset varied randomly between
6 and 12s after CST onset with both stimuli co-terminating.
Please note that reinforced CS™ were presented longer than
non-reinforced CST. Inter-trial intervals (ITI) were 20s. In
our previous conditioning studies, this conditioning paradigm
revealed successful pain-related learning to threat and safety cues
on behavioral and neural measures in healthy individuals (19, 56)
and in patients with chronic visceral pain (16, 17).

Behavioral Measures of Emotional

Learning and Contingency Awareness

Online visual analog scales (VAS) were used to assess learning-
induced changes in CS valence along with expected changes in
cognitive aspects that together verify the efficacy of conditioning
herein (57). Prior pain-related conditioning studies from our
own group [reviewed in (58, 59)] and in the broader fear
conditioning literature support the notion that conditioned
changes in cue valence constitutes a sensitive and relevant
behavioral measure (60, 61). CS valence was assessed at three time
points: (1) after the first dot-probe task and prior to conditioning
(baseline), (2) after conditioning and (3) following the second
dot-probe task. Participants were prompted to indicate how they
perceived each of the visual cues by presenting a digitized vertical
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200 mm scale with end points labeled “very unpleasant” and “very
pleasant,” indicating “neutral” in the middle of the scale. These
values were then transformed into a scale with end points —100
indicating “very pleasant,” 100 indicating “very unpleasant” and
“neutral” at 0 as previously accomplished in all of our prior
conditioning work with this visceral pain model (13, 19-21).
After conditioning, contingency awareness was assessed with
ratings on how often each of the visual cues was followed by
a rectal distension with corresponding scale end points labeled
“never” (0%) and “always” (100%).

Statistical Analyses

Analyses of all data were carried out with the Statistical
Package for the Social Sciences (SPSS, IBM Corp. IBM SPSS
Statistics for Windows, Version 22.0. Armonk, NY: IBM Corp.).
Initially, we analyzed whether women and men were comparable
with respect to social demographics, psychological state and
trait variables as well as perceptual and pain thresholds. All
variables were normally distributed and analyzed by means of
two-sample ¢-tests.

For CS valence ratings, we conducted a repeated measures
ANCOVA with within-subject factors CS (CS*, CS™, CS®)
and phase (baseline, conditioning, test phase), between-subject
factor sex (women, men), and BMI as covariate due to
a significant difference between women and men for each
condition separately. For CS-US contingency, paired ¢-tests were
calculated with values assessed after conditioning for women and
men separately.

For attentional bias indices, we carried out repeated measures
ANCOVAs with the within-subject factors phase (baseline, test
phase), stimulus duration (100, 500ms), the between-subject
factor sex (women, men), and BMI as covariate. To address
the specificity of attentional bias to threat and safety cues, we
further compared trials presenting a CS with a neutral cue with
trials presenting both CS* and CS™ using repeated measures
ANCOVAs with within-subject factors condition (CS 4 CS", CS*
+ CS7), phase (baseline, test phase), the between-subject factor
sex (women, men), and BMI as covariate. Results are reported for
significant interactions with Greenhouse-Geisser correction and
post-hoc testing was accomplished with Bonferroni correction to
adjust for multiple comparisons. To test the effects of response
slowing as a potential confound in analyses of attentional biases,
we furthermore performed ANCOVAS using reaction time data.
For these analyses, conditions presenting the CST with the
neutral cue were compared with conditions presenting only
neutral cues to test for cue (CST + CS"; CS™ + CS") x
congruency (congruent trials; incongruent trials) interactions.

Finally, we carried out multiple regression analyses to predict
changes in indices of attentional avoidance, engagement and
disengagement from baseline to test phase for each condition
separately. Predictors included sex, psychological vulnerability
factors of trait anxiety (STAI-T), positive and negative affect
(PANAS-P, PANAS-N), cognitive coping and catastrophizing
(PRSS) and CS valence changes. Moreover, interaction terms
with sex were calculated by multiplying sex by each predictor.
For all regression models, sex was entered into the first block
and always maintained. Into the second block, a pair including
the main effect and interaction with sex for one predictor was

entered. If the regression model did not yield significance, the
interaction term was removed first and the subsequent regression
model was set up with sex in the first block and the main effect
of the predictor in the second block. If the main effect did
not yield significance, it was removed from the model and the
subsequent regression model was set up with sex only. Results
are reported with F- and p-values, adjusted R?> and for the
coeflicients, standardized beta-, t-, and p-values are given. If the
main effect and/ or interaction term was found as significant
predictor, subsequent regression analyses were carried out with
the main effect of the predictor for women and men separately,
reporting F- and p-values and adjusted R? for the model and
for the coefficient the beta- and t-values. Detailed results of the
regression analyses are given in the Supplementary Material.

All data are given as mean =+ standard error of the mean
(SEM), unless indicated otherwise.

RESULTS

Sample Characteristics

In total, 64 healthy volunteers (32 women, 32 men) completed
the study. Sociodemographic and psychological characteristics
were comparable between men and women, except for a
lower BMI in women (Table 1). Positive and negative affective
states (PANAS), trait anxiety (STAI-T) and pain-related
cognitions including catastrophizing and active coping (PRSS),
all assessed upon arrival to the laboratory on the study day,
did not reveal differences between women and men. Likewise,
neuropsychological attention tests including the TMT and
Stroop task as well as rectal and pain thresholds were comparable
between groups (Table 1).

CS Valence and CS-US Contingency

For CS valence (Figure 2; for single subject data see Figure S1),
analysis revealed a significant time x CS interaction (F = 2.79,
p = .038, n* = .05), supporting the efficacy of the conditioning
procedure without any effect of sex (F = 0.01, p = .943). While
ratings of all CS were expectedly comparable and neutral at
baseline (all p > .598), after conditioning both women and
men perceived the CS™ as significantly more unpleasant and the
CS™ as more pleasant compared to the neutral cue (both p <
.001). The difference between CS* and CS~ was still evident
after the test phase (p < .001), indicating persisting effects of
conditioning. Likewise, both men and women were similarly
aware of conditioning contingencies for both CS* and CS™, as
supported by changes in CS-US contingency ratings assessed
after conditioning with higher perceived contingency for CS*-
US pairings compared to CS™-US pairings in women (CST-US
contingency M &+ SEM: 77.41% = 2.46; CS™-US contingency:
15.69% £ 3.63; t 11.00, p < .001), and men (CST-US
contingency: 81.63% = 2.18; CS™-US contingency: 11.41% =+
3.46;t =15.42, p < .001).

Sex Differences in Indices of Attentional
Bias

Attentional Avoidance

For attentional avoidance indices (Table 2; for single subject
data see Figure S2), analyses yielded no significant interactions
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TABLE 1 | Sample characterization.

Full sample Women Men Statistics

(A) Measured during screening

Age 28.22 £1.00 28.583 £ 1.71 27.91 £ 1.06 t=0.31,p=.757
Body mass index 22.79 £0.33 21.92 £ 0.41 23.66 £+ 0.47 t=2.80,p =.007
Gastrointestinal symptoms 2.70 £ 0.36 3.13 +0.55 2.28 £ 0.46 t=1.18,p = .241
HADS anxiety 3.70 £0.32 4.16 £0.48 3.256 +0.42 t=1.44,p=.156
HADS depression 1.76 £0.28 1.29 £0.26 2.22+0.48 t=1.68, p =.096
(B) Measured on study day

STAI Trait 35.67 + 0.89 36.75 + 1.35 34.59 £ 1.16 t=121,p=.230
PANAS positive 3.25 £0.08 3.27 £0.12 3.24 £ 0.11 t=0.15,p = .885
PANAS negative 1.39 £ 0.06 1.41 £0.09 1.37 £0.08 t=037,p=.715
PRSS catastrophizing 0.80 +0.10 0.77 £ 0.17 0.83 +0.12 t=0.31,p=.762
PRSS coping 3.54 £0.10 3.57 £0.14 3.62+0.15 t=0.24,p = .811
TMT version A 26.30 £ 1.03 26.59 £+ 1.60 26.00 £+ 1.33 t=029,p=.776
TMT version B 53.70 £ 2.36 54.72 £ 2.34 52.69 £+ 4.13 t=0.43,p =.670
SCWT word reading 30.65 + 0.64 30.97 + 1.09 30.34 + 0.69 t=0.49,p = .628
SCWT color naming 47.29 +£1.10 48.32 £ 1.72 46.28 £ 1.39 t=0.93,p =.358
SCWT color-word naming 69.25 + 1.66 70.61 £ 2.68 67.94 +£2.00 t=0.80,p = .425
Perception threshold 156.75 £ 0.82 16.33 £ 1.22 1617 £ 1.11 t=0.71,p = .483
Pain threshold 39.21 £ 1.29 38.04 + 1.90 40.34 £1.75 t=0.90,p =.375

Overview of sociodemographic and psychological variables as well neuropsychological attention test results obtained during screening procedure (A) and on study day (B). Psychological
variables were assessed with the Hospital Anxiety and Depression Scale (HADS), State-Trait Anxiety Inventory (STAI) including only the trait subscale, Positive, and Negative Affective
Schedule (PANAS) including positive and negative subscales and Pain-Related Self Statements Scale (PRSS) including subscales of pain catastrophizing and coping. Neuropsychological
attention tests included the Trail Making Test (TMT) with versions A and B as well as the Stroop color word test (Stroop) with condlitions word reading, color naming and the interference
condition of color-word naming, all results given in seconds. During the individual rectal distention calibration procedure, perception, and pain thresholds were measured in mmHG. All
values are given as mean =+ standard error of the mean (M + SEM). Differences between women and men were calculated by means of independent sample t-tests.
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FIGURE 2 | Ratings of CS valence assessed on visual analog scales (VAS) before and after conditioning as well as after the test phase. Both women and men
demonstrated significant increases in CS* aversiveness and increases in CS~ pleasantness following acquisition without differences between groups. **p < 0.001.

between phase and sex (all F < 0.45, all p > .507), and no  Attentional Engagement

significant interactions between phase, sex and stimulus duration ~ For attentional engagement indices (Table 3, Figure 3A; for
(all F < 0.53, all p > .470), indicating no differences in attentional  single subject data see Figure S3), analyses revealed significant
avoidance between women and men. phase x sex interactions for both conditions presenting the CS*
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TABLE 2 | Indices of attentional avoidance.

Women Men

Baseline Test phase Baseline Test phase Interaction effect F p n?

Ccs*/cs” 2.73+2.20 5.55 +2.96 3.28 + 3.67 2.88 +2.59 Phase x sex 0.13 717 .00
Phase x duration x sex 0.53 470 .01

Ccs-/cs" 5.99 + 3.53 1.66 + 3.51 10.87 +2.98 5.96 + 2.71 Phase x sex 0.45 .507 .01
Phase x duration x sex 0.16 .691 .00

CS*/CSs~ —5.89 £+ 3.34 —2.78 £3.10 —6.72 £ 3.40 —6.17 £ 3.50 Phase x sex 0.18 671 .00
Phase x duration x sex 0.38 542 .01

Descriptive statistics and results from ANCOVAs comparing indices of attentional avoidance across phase (baseline vs. test phase), stimulus duration (100 ms, 500 ms) and sex (women
vs. men). Conditions include presentation of CSt and CS~ each with a neutral cue and presentation of CST and CS~ together. Descriptive statistics are given as mean values across

100 and 500 ms stimulus duration + standard error of the mean (M + SEM).

TABLE 3 | Indices of attentional engagement.

Women Men

Baseline Test phase Baseline Test phase Interaction effect F p 7

cst/cs" 5.39 + 2.62 —1.43+2.19 3.93 +3.87 4.90 + 3.39 Phase x sex 9.20 .004 .16
Phase x duration x sex 0.12 731 .00

Cs*/Cs™ 3.49 + 3.30 —3.47 £ 3.09 —6.10 + 1.81 —-2.36 £2.29 Phase x sex 11.73 .001 .18
Phase x duration x sex 0.36 .551 .01

cs-/cs" 6.48 + 4.57 —3.88 £ 2.95 5.40 £ 3.61 5.20 +£2.43 Phase x sex 7.06 .011 14
Phase x duration x sex 0.03 .869 .00

Ccs-/cs* 9.04 +4.39 8.89 + 3.63 0.62 + 3.51 2.37 £ 352 Phase x sex 2.13 151 .05
Phase x duration x sex 0.61 441 .01

Descriptive statistics and results from ANCOVAs comparing indices of attentional engagement across phase (baseline vs. test phase), stimulus duration (100, 500 ms) and sex (women
vs. men). Conditions include presentation of CS* and CS~ each with a neutral cue and presentation of CS* and CS~ together. The underscore indicates the appearance of the
dot-probe at the location either of the CS* or CS~. Descriptive statistics are given as mean values across 100 and 500 ms stimulus duration + standard error of the mean (M + SEM).

Significant interactions are given in bold.

and the CS™ with the neutral cue (all F > 7.06, all p < .011,
all n? > .14). However, there was no effect of stimulus duration
(all F < 0.61, all p > .441). Post-hoc comparisons revealed
during the test phase significantly higher indices for men (all p <
.038), indicating that men showed higher attentional engagement
after fear conditioning compared to women. In contrast, women
revealed significant decreases from baseline to test phase in
attentional engagement indices across these conditions (all p <
.021), while men revealed a significant increase in response to the
CS™ when presented together with the CS™ (p = .032).

To further investigate the specificity of attentional
engagement, conditions presenting one CS with the neutral
cue were compared with conditions presenting both the
CS* and CS™. For the CS™, analyses revealed an interaction
between condition, phase and sex that marginally missed
to vyield significance (F 3.87, p .054). Exploratory
post-hoc analyses revealed for women significantly higher
attentional engagement with the CS™ when presented with
the CST as compared to the concomitant presentation
of the neutral cue (p = .012) while for men no effects
were observed.

Attentional Disengagement
For disengagement indices (Table 4, Figure 3B; for single subject
data see Figure S4), analyses revealed significant phase x sex

interactions for conditions when the CS™ and CS™ were each
presented with the neutral cue as well as for the CS™ when
presented with the CST (all F > 6.44, all p < .014, all
n® > .11). Stimulus duration again had no effect (all F <
0.66, all p > .421). Post-hoc comparisons between women
and men during the test phase yielded significance only when
the CST was presented with the neutral cue (p = .009)
indicating that women had stronger difficulties to disengage
attention from the CS™. For the remaining conditions, results
did not survive Bonferroni correction (CS™/CS"™ p = .080;
CS™/CS* p = .062). Moreover, comparisons between baseline
and test phase revealed that women had stronger difficulties to
disengage from the CST when presented with the neutral cue
(p = .010) and from the CS~ when presented with the CS*
(p = .023) while men demonstrated significant increases in these
conditions (both p < .039). Further analyses on the specificity
of attentional disengagement between conditions did not
yield significance.

Response Slowing

Previous research on the allocation of visuospatial attention
demonstrated a response slowing effect of threat indicating
that differences in reaction times between trials containing
a threat cue and trials containing a neutral cue might
arise from avoidance or freezing of motor responses [e.g.,
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FIGURE 3 | Sex differences in attentional biases. Mean indices of attentional engagement (A) and disengagement (B) given in ms for women (red) and men (blue) for
the dot-probe tasks accomplished at baseline and during the test phase. Please note that mean values depicted in the figure are not corrected for BMI that was used
as covariate in statistical analyses. Significant differences between women and men are given with gray asterisks and within-group differences between baseline and
test phase are given with the corresponding color code for women and men. Men compared to women showed higher attentional engagement with the CS* and
CS~ when presented with the neutral cue and with the CS* when presented together with the CS~. Women compared to men demonstrated stronger difficulties to
disengage attention from the CS* when presented with the neutral cue. *p < .010; *p < .050.

(57,58)]. We tested for this effect by comparing reaction interaction (F = 1.81, p = .184) indicating no effect of
times from conditions presenting the CS™ with a neutral cue  response slowing.
with conditions presenting the neutral cue only for 100 and

500 ms stimulus dqratlon..For .100 ms §t1rr‘1ulus duration, the Sex-Specific Associations Between
cue x congruency interaction yielded significance (F = 7.80,

p = .007, n? = .14) with post-hoc comparisons demonstrating Emotional _Learnlr)g, Psychological Traits
higher reaction times for incongruent compared to congruent and Attentional Biases

CS* trials (p = .017). However, there were no significant ~ Multiple regression analyses with the main effects of sex,
differences between the CS™ and the neutral condition for either ~ psychological vulnerability factors, and changes in CS valence as
congruent or incongruent trials (both p > .102). For 500ms  well as the interaction terms considering sex were calculated to
stimulus duration, there was no significant cue x congruency  predict changes in attentional biases from baseline to test phase.

Frontiers in Psychiatry | www.frontiersin.org 59 March 2020 | Volume 11 | Article 197


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Labrenz et al.

Sex Differences in Fear-Induced Interoceptive Hypervigilance

TABLE 4 | Indices of attentional disengagement.

Women Men

Baseline Test phase Baseline Test phase Interaction effect F p n?

CS+/CS" 247 +£2.25 —6.98 + 2.64 0.65 + 2.47 3.90 + 3.46 Phase x sex 10.36 .002 .18
Phase x duration x sex 0.66 421 .01

CS*/CS~ 9.04 £+ 4.39 —0.69 + 2.98 0.62 + 3.51 3.81+4.16 Phase x sex 1.92 178 .04
Phase x duration x sex 0.47 497 .01

CSs—/Ccs" 2.21 £3.57 —5.54 + 2.66 —5.48 £2.78 —0.67 +2.39 Phase x sex 6.44 .014 A1
Phase x duration x sex 0.05 .831 .00

Cs-/Cst 3.49 + 3.30 1.31 £2.88 —6.10 + 1.81 —6.14 £ 3.03 Phase x sex 9.73 .003 .15
Phase x duration x sex 0.06 .802 .00

Descriptive statistics and results from ANCOVAs comparing indices of attentional disengagement across phase (baseline vs. test phase), stimulus duration (100, 500 ms) and sex
(women vs. men). Condiitions include presentation of CS*™ and CS~ each with a neutral cue and presentation of CS* and CS~ together. The underscore indicates the appearance of the
dot-probe at the location either of the CS* or CS~. Descriptive statistics are given as mean values across 100 and 500 ms stimulus duration + standard error of the mean (M + SEM).

Significant interactions are given in bold.

For attentional avoidance, the model with the interaction
between sex and negative affect as well as the interaction between
sex and active coping yielded significance (F = 4.48, p = .007,
adj. R? = .14). Both, the interaction sex* negative affect (8 = 0.48,
t = 3.04, p = .004) and sex*active coping emerged as significant
predictors (f = —0.45, t = 2.26, p = .028) while sex alone did not
yield significance (8 = 0.06, t = 0.26, p = .797) (for more details,
see Table S1). Subsequent analyses revealed a larger slope for men
(F =9.03, p = .005, adj. R* = .23, B = 0.48, t = 3.01) compared
to women (F = 0.02, p = .879, adj. R = —.03, 8 = 0.03, t = 0.15),
indicating that only in men higher negative affect was associated
with stronger avoidance of the CS™ when presented with the
CS™. However, for active coping neither regression model yielded
significance although the slope observed for men (F = 2.76, p =
107, adj. R* = .06, B = —0.29, t = 1.67) was higher compared
to women (F = 2.76, p = .107, adj. R?> = .06, B = —0.29,
t=1.67).

For attentional engagement, sex was found as a significant
predictor (F = 4.27, p = .043, adj. R? = .05, 8 = 0.25, t = 2.07)
for the condition presenting the CS™ together with the CS™ while
regression models including psychological vulnerability factors
and changes in CS valence failed to reach significance (F = 3.77,
p =.057, adj. R?> = .04) (Table S2).

For attentional disengagement, sex emerged as a significant
predictor for conditions presenting the CS™ with the neutral cue
(F =4.95, p =.030, adj. R?>=.06, 8 =0.27,t =2.22) and the CS~
with the neutral cue (F = 5.14, p = .027, adj. R?> = .06, 8 = 0.28,
t = 2.27) (Tables S3, S4). Moreover, for the condition presenting
the CS™ together with the CS™, the model including sex, negative
affect and sex™negative affect yielded significance (F = 4.93, p =
.004, adj. R* = .16) (Table S5). Herein, sex (8 = 1.13, t = 3.18,
p = .002), negative affect (8 = 0.84, t = 2.36, p = .022) and
the interaction between sex and negative affect (8 = 1.54, t =
3.19, p = .002) were found as significant predictors. Subsequent
regression analyses for the interaction effect revealed a larger
slope for men (F = 16.99, p < .001, adj. R* = .34, B = —0.60,
t = 4.12) compared to women (F = 0.36, p = .555, adj. R* =
—.02, B = 0.11, t = 0.60), indicating that only in men higher

negative affect was related to stronger difficulties to disengage
from the CS™.

DISCUSSION

Although the broad role of fear and hypervigilance in the
transition from acute to chronic pain is widely acknowledged,
pain-related attentional biases as putative neurocognitive
mechanism remain incompletely understood. In addition, sex
differences as they are considered highly relevant to both acute
and chronic pain are rarely systematically studied, especially in
the context of visceral pain (62). The aim of this study was to
elucidate attentional biases induced by pain-related conditioning
in healthy women and men. To this end, we implemented a visual
dot-probe task before and after differential fear conditioning
with visceral pain as highly salient and clinically relevant
interoceptive US (12, 13, 63). Conditioning successfully induced
emotional pain-related learning to threat and safety cues, as
evidenced by differential changes in cue valence. Consistent
with behavioral and neural findings in our earlier conditioning
studies (12, 19, 21), visual cues that were contingently paired
with visceral pain became highly unpleasant predictors of threat,
likely reflecting conditioned pain-related fear in anticipation
of visceral pain. In contrast, cues that predicted the absence of
impending pain acquired positive emotional valence, consistent
with their role as conditioned safety signals. There was no
evidence of sex differences in emotional pain-related learning,
confirming earlier behavioral results in a different, smaller
sample of healthy volunteers (23). Similarly, men and women did
not differ in contingency awareness of cue-pain relationships,
which was fairly accurate in both sexes. Interestingly, comparing
men and women with respect to attentional avoidance, facilitated
engagement, and difficulties to disengage from visceral pain-
related threat and safety cues revealed novel evidence supporting
sex differences in attentional biases. Specifically, men showed
more facilitated attentional engagement with both threat and
safety cues. Women, on the other hand, demonstrated more
pronounced difficulties to disengage from threat in the presence
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of a neutral cue. However, when both threat and safety cues
were presented, women showed stronger difficulties to disengage
from the safety cue. While these findings do not support our
hypothesis of facilitated threat engagement in women, they are
consistent with a proposed bias toward safety cues. While the role
of conditioned safety signals remains incompletely understood
and arguably underappreciated, we previously reported distinctly
altered neural processes during safety learning in healthy women
(18) as well as in women with IBS (17). Specifically, IBS patients
demonstrated a more pronounced positive valence increase
to conditioned safety cues, higher awareness of safety cue
contingencies, as well as greater neural responses involving
regions relevant to reward processing (17) and conditioned
autonomic, somatomotor and cognitive fear responses (16).
Distinct neural networks engaged during the acquisition and
extinction of conditioned threat vs. safety cues have not only
been reported in our model, but also more broadly in the fear
conditioning literature (64). Together, our findings support that
visceral pain-related fear conditioning induces attentional biases
differently in healthy women and men, supporting a role of sex
or gender in attentional mechanisms underlying hypervigilance.

Attentional biases to signals predicting experimental pain
have previously been shown, albeit outside of interoceptive,
visceral pain, as summarized in recent meta-analyses
(11, 65). Our results complement results gathered in
different conditioning paradigms (47, 48, 66-69), and extend
knowledge regarding the role of pain-related fear as a putative
mediator. Moreover, several psychological state and trait factors
demonstrably contribute to inter-individual differences in the
modulation of pain (22, 70, 71), which have thus far rarely been
considered in experimental studies on pain-related attentional
biases. Therefore, we explored sex differences in relationships
between attentional biases and positive and negative affect,
trait anxiety, pain-related coping and catastrophizing using
regression analyses. Our results revealed an influence of sex
on negative affect in predicting attentional threat avoidance
and difficulties to disengage from the safety cue. This finding
is well in line with the fear avoidance model of chronic pain,
emphasizing that a higher propensity toward experiencing
negative emotions impacts upon pain control and increases
pain-related fear, thereby promoting avoidance behaviors (72).
Interestingly, these effects were observed in men while no
relationships between psychological vulnerability factors and
attentional biases were observed in women. While this is at
odds with our hypothesis, we cannot with certainty exclude a
self-selection bias for participation due to the research setting
at a university hospital and the nature of the study, specifically
concerning the application of painful stimuli (73). This may have
resulted in an overall sample of healthy individuals presenting
with rather low anxiety and negative affect and may have
specifically discouraged healthy women with higher experience
of gastrointestinal symptoms. Therefore, the translation to the
general population or patient populations is limited. Moreover,
it has previously been suggested that individuals with high fear
of pain exhibit a selective attention bias toward pain-related
information, supporting that biased attentional processes
mediate increased susceptibility to negative pain experience
(74, 75). Our conditioning model experimentally induces fear

as a state, rather than a trait assessed by questionnaire. This
calls attention to the fact that fear of pain and by inference
pain-related attentional biases are likely shaped by more
permanent, trait-like factors, as well as more state-like learning
processes regarding threat and reward. Hence, inter-individual
differences in pain-related attentional biases could be explained
by pre-existing differences in fear of pain, as previously shown
in our visceral pain model (12), as well as by sex differences, as
suggested herein.

Herein, men and women were comparable with respect
to pain thresholds and pain ratings, and the intensity of
pain stimuli implemented during conditioning was individually
calibrated, supporting that sex differences in attentional biases
were not attributable to differences in the response to pain
or in the strength of emotional learning to either threat or
safety cues. Further strengths of this study include the ecological
validity and translational qualities of the visceral pain model, as
rectal distension-induced pain is highly salient even in healthy
individuals (12) and closely resembles clinical pain and related
symptoms such as urgency (73) in functional gastrointestinal
disorders like IBS (76). In the context of attentional bias research,
the utilization of semantic and pictorial threat stimuli has raised
concerns about their ecological validity and generalizability
(26), resulting in calls for research with paradigms that closely
resemble real-life situations (77) or consider motivational context
(69). In line with these efforts, our model offers research
perspectives in patient populations, especially those with somatic
symptom disorder or chronic visceral pain such as in IBS.
Utilizing modified Stroop and exogenous cueing tasks, IBS
patients revealed alterations in attentional processing for pain
and symptom-related words (78, 79) as well as situational threat
words (80). This attentional bias was moreover associated with
symptom severity, illness behaviors and anxiety (49, 80, 81).
Hence, increased attention to interoceptive, visceral sensations
may lead to the exacerbation of symptoms and distress (82)
in line with the fear avoidance model, which has yet to
be more fully tested in the context of chronic visceral pain
and the gut-brain axis. Neuroimaging studies support this
assumption by demonstrating increased functional connectivity
in the salience network in IBS patients during resting state (83),
rectal stimulation (84) and contextual threat situations (85).
Initial support that the behavioral modification of attentional
bias may improve attentional functioning and regulation of brain
mechanisms related to anxiety and attention in IBS patients
(86, 87), provides a treatment perspective to complement more
basic mechanistic research.

Lastly, our findings are relevant toward further elucidating
the neurocognitive and emotional mechanisms of associative
learning and memory processes in the context of visceral pain.
Brain imaging studies revealed conditioning-induced changes in
the brain emotional arousal and salience networks, supporting
that conditioning processes contribute to hypervigilance,
possibly by engaging nocebo mechanisms (58). It has also been
proposed that pain-related conditioning may impair perceptual
discrimination acuity (88), enhance fear generalization (89)
or interfere with normal habituation processes (90). Although
our attempts to show hyperalgesia as a result of conditioning
provided negative results (21, 63), data from other groups do
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support sensitization (91, 92) and lowered pain thresholds
(93). Regardless of these inconsistencies and a clear need for
further study, it is important to emphasize that different yet
intricately intertwined mechanisms engaged during associative
learning are clearly not mutually exclusive. They may indeed
play distinct roles in modulating responses to acute pain,
shaping the transition from acute to chronic pain and
the maintenance of pain. Importantly, attentional biases
arguably play a role in many if not all of these proposed
processes, and could thus be viewed as a fundamental
neurocognitive mechanism that is shaped by pain-related
learning and memory processes (48, 94). This is supported
by first evidence that attentional bias to threat signals is
still present after extinction (47) and re-emerges during
reinstatement (48), consistent with our brain imaging work
on the reactivation of previously extinguished responses to
conditioned pain and safety cues induced by reinstatement
(20, 56) or renewal (19).
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Irritable bowel syndrome (IBS) is a frequent functional gastrointestinal disorder. The
patients complain about various symptoms like change in bowel habits, constipation or
diarrhea, abdominal pain, and meteorism leading to a great reduction in quality of life. The
pathophysiology is complex and best explained using the biopsychosocial model
encompassing biological, psychological as well as (psycho)social factors. In line with
the multitude of underlying factors, the treatment is comprised of a multitude of
components. Often, patients start with lifestyle changes and dietary advice followed by
medical treatment. However, also psychotherapy is an important treatment option for
patients with IBS and should not be restricted to those with psychiatric comorbidities.
Several evidence-based psychotherapeutic treatment options exist such as
psychoeducation, self-help, cognitive behavioral therapy, psychodynamic
psychotherapy, hypnotherapy, mindfulness-based therapy, and relaxation therapy
which will be discussed in the present review.

Keywords: brain-gut axis, hypnotherapy, psychodynamic, psychoeducation, psychosomatic

INTRODUCTION

Irritable bowel syndrome (IBS) is a functional disorder of the large bowel (1). In the ICD-10 it is
categorized within the functional disorders, in the ICD-11 it will be found in the section of bodily
distress disorders. Patients with IBS can present with a wide array of symptoms such as abdominal
distension, meteorism and flatulence, abdominal pain as well as a change in bowel habits such as
constipation or diarrhea (2). The prevalence of IBS varies greatly with 1 to 45%—most likely due to
different diagnostic criteria applied—with an average worldwide prevalence of 11.2% (3), well
reflecting the prevalence in western countries with 10-20% (4).

IBS can be diagnosed worldwide using the Rome criteria (last revised in 2016 and termed Rome
IV) when the patient complains of the main symptom being recurring abdominal pain that occurred
during the last 3 months not less than once per week (2). Additionally, two of the following three
criteria have to be fulfilled:

* The complaints are associated with defecation,
* The complaints are associated with change in frequency of defecation and
* The complaints are associated with change in consistency of stool (2).
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According to the Rome IV criteria IBS can be classified into
four different subgroups:

e IBS-D (diarrhea): >25% of the stool is fluid, without solid
components, <25% are solid components,

» IBS-C (constipation): >25% of the stool are separate solid
clots, <25% fluid, without solid components,

e IBS-M (mixed): >25% of the stool are fluid, without solid
components and >25% are separate solid clots,

* IBS-U (unclassified): not clearly allocable (2).

These complaints are very often associated with a great
reduction in quality of life. A study from 2014 showed that
quality of life in patients with IBS depends on different
parameters such as clinical variables (24%), fear of
gastrointestinal symptoms (14%) or demographics (10%). Also
psychiatric disorders may be a consequence of the disease (5).
This underlines the need for a proper treatment offer (6).

In the present review we evaluated the state-of-knowledge on
psychological treatment options for patients with IBS and as well
discussed gaps in knowledge in order to foster further research.
We employed the following databases: PubMed and
ScienceDirect using these keywords: brain-gut axis, cognitive
behavioral therapy, hypnotherapy, IBS, irritable bowel
syndrome, mindfulness-based therapy, psychodynamic,
psychoeducation, psychosomatic, relaxation therapy, and self-
help. Only human studies were considered for the review, while
animal studies were excluded. The search was conducted for
articles from 1983 to 2019, the discussion highlights
recent developments.

PATHOPHYSIOLOGY

The pathogenesis of IBS is complex and best explained using the
biopsychosocial model encompassing biological, psychological,
and (psycho)social factors (7) that can all contribute to the
development and maintenance of the disease. In line with this
model, genetic and environmental factors can affect the disorder
as well as special personality traits (8). These traits can contribute
to coping strategies which, when not sufficient anymore, might
also facilitate development of the disease. Various psychosocial
factors are important for IBS e.g., early life experiences,
infections, trauma, stress, cultural background, and also the
level of support the individual receives. Negative life
experiences are considered an important risk factor for the
development of IBS. People who experienced more (severe or
frequent) negative life events show a higher prevalence of IBS
and might have a more severe progress of the disorder (9).

The gut-brain-axis is a bidirectional communication system
between the gut and the central nervous system (10). Afferent
nerve pathways as well as humoral signals transmit information
from the gastrointestinal tract to the central nervous system. The
information gets processed in various brain areas and often
feedbacks back to the gut. A dysregulated gut-brain-axis can
lead to e.g., altered bowel motility, intestinal immune reaction, or

intestinal permeability which may drive inflammatory responses
that may contribute to visceral hypersensitivity (11). Also, the
microbiome may likely play a role in the pathophysiology of IBS
since the microbiome of patients with IBS seems to be less
variable (12) and might be located in other parts of the gut as
seen in small intestinal bacterial overgrowth (13). Due to the
impact of the microbiome on gastrointestinal as well as central
processes, the term microbiome-gut-brain axis was introduced.
The importance of the gut-brain axis in the pathophysiology of
IBS is also reflected in the Rome IV criteria where IBS has been
allocated to diseases with discorded gut-brain interaction (14).
The intimate interaction between gut and brain also explains the
high overlap between IBS and psychiatric diseases which also has
an impact on the selection of the treatment components. Most
frequent psychiatric comorbidities are anxiety disorders (30-
50%), depression (70%), but also—although less frequent—
eating disorders (5).

PSYCHOTHERAPY

Besides lifestyle changes, dietary advice, and drug treatment,
psychotherapy is an important column in the treatment of IBS.
Not every patient has to undergo psychotherapy but especially in
patients with insufficient social support, traumatic events in their
history, or dysfunctional relations, psychotherapy should be
considered early on (15). Moreover, patients with psychiatric
comorbidities (5) or those that do not show significant
improvement after treatment with other treatment options
(e.g., drugs) (16) should be considered for psychotherapy. The
National Institute of Health and Care Excellence (NICE)
guidelines recommend a psychological therapy for patients
who do not respond to pharmacological treatments after 12
months and develop refractory IBS. Psychotherapy options
contain psychoeducation, self-help, cognitive behavioral
therapy, psychodynamic psychotherapy, hypnotherapy,
mindfulness-based-therapy, and relaxation therapy (17) which
will be discussed in this review. The likelihood for a
psychological intervention to be successful is greater in patients
that are motivated and open for psychotherapy (18), although
this should be the prerequisite for offering this therapy.

A meta-analysis showed the benefit of pooled psychological
interventions in patients with IBS with a very low number
needed to treat (NNT) of 2 (18). Similarly, a recent meta-
analysis calculated a NNT of 4 (95% confidence interval, CI,
3.5-5.5) (19). While the NNT suggests a very prominent effect of
psychotherapy, a systematic review reported that the
psychotherapy-induced positive effects on symptoms did not
last longer than the positive effects induced by other treatment
options such as medication (20). A more recent meta-analysis
included 41 trials with overall 2,290 individuals and compared
psychological interventions with a mix of control conditions. It
was shown that psychotherapeutic interventions decreased the
symptoms immediately after the treatment, while 1-6 months
(short-term) and 6-12 months (long-term) after start of the
treatment the reduction remained significant compared to the
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control group(s) (21). Additionally, another meta-analysis
analyzed the effect of psychotherapeutic interventions on
mental health and the daily functioning of patients. All
psychotherapeutic interventions showed a greater improvement
of mental health and daily functioning of IBS patients compared to
a mixed group of control conditions (22). The next paragraphs will
provide an overview on the effects of different psychotherapeutic
techniques in the treatment of IBS.

Psychoeducation

It is important that the physician takes time to explain the
medical condition. This contains the name of the disease,
development, pathophysiology, prognosis, and various
treatment options (23). If this information is provided
according to the biopsychosocial model, it would be referred to
as psychoeducation (7). Moreover, psychoeducation is key for a
trustful doctor-patient-relationship which greatly impacts on the
course of the disease and reduction of symptoms, respectively
(24). Psychoeducation can also help to reduce/avoid unnecessary
repetitive (and sometimes invasive) examinations and/or non-
suited therapeutic interventions as this could increase the
probability of an incorrect concept of the disorder and
potentially harm the patient (25). Therefore, the world
gastroenterology organization mentions in its global guidelines
that educating the patients about IBS has a positive effect on the
treatment outcome (26).

A study used psychoeducation with information about
pathophysiology in combination with elements of cognitive
behavioral therapy (CBT) and progressive muscle relaxation
for 5 weeks. After this psychoeducation, patients reported a
significant reduction of somatic complaints and depressive
symptoms and an improvement in quality of life compared to
the control group. These effects persisted after a follow-up of 3
months (27).

Another study used a group education based on the
biopsychosocial model with aspects of CBT compared to a
control group that used an IBS manual. The group-educated
patients reported a significant increase of knowledge after 3 and 6
months compared to the group using the manual. There was a
reduction of symptom-specific anxiety in the group education
group, while no significant differences between groups were seen
with regards to quality of life, anxiety symptoms, and depressive
complaints. Nevertheless, there was an increase of quality of life
and reduction of anxiety in the group-educated group compared
to the beginning of the treatment (28) (Table 1).

Self-Help

Self-help can be supported by detailed consultation and
information about IBS e.g., with manuals or guidebooks. The
patients can learn about experiences, coping strategies, or
treatment options. This encourages the patients' self-
management (29).

A randomized, controlled trial studied the effect of different
self-help methods on the frequency of doctor's appointments and
on symptom severity. One group received a self-help-manual,
the other additionally visited a self-help group once per week.
These groups were compared to a control group with routine
outpatient care. Compared to the control group, the group with
the self-help-manual reduced doctor's appointments (60% less in
1 year) associated with a reduction in health costs (40% less). The
intervention group showed a significant improvement of
complaints compared to the start of the study (Cohen's
d=0.51). However, there was no difference related to symptom
severity and quality of life between groups (30). Another trial
studied the effect of a self-help manual on health-associated
quality of life. After 6 months of intervention there was a
significant improvement in quality of life. This effect was also
observed in patients with psychiatric comorbidities like
depression, anxiety, or somatization disorders. The severity of

TABLE 1 | Randomized controlled studies investigating the effects of psychoeducation in patients with irritable bowel syndrome.

Study Population Variables
Ringstrom et al. (2010) Structured patient 143 (87%  Quality of life
education is superior to written information  female) Anxiety

in the management of patients with irritable
bowel syndrome: a randomized controlled
study. Eur J Gastroenterol Hepatol. (28)
Labus et al. (2013) Randomised clinical
trial: symptoms of the irritable bowel
syndrome are improved by a
psychoeducation group intervention.
Aliment Pharmacol Ther. (27)

Depressive symptoms

69 (72%
female)

Somatic symptoms
Depressive symptoms
Quality of life

Group education vs. IBS-manual

Intervention Results

Group education: Increase of knowledge
after 3 and 6 months, reduction of
symptom-specific anxiety.

No difference in groups: quality of life,
anxiety, depressive complaints.

5 weeks: psychoeducation +
elements of CBT + progressive
muscle relaxation vs. control group

After treatment: significant reduction of
somatic complaints, depressive symptoms,
and improvement of quality of life.

TABLE 2 | Randomized controlled study investigating the effects of self-help in patients with irritable bowel syndrome.

Study Population Variables

Intervention

Results

Robinson et al. (2006) A randomised
controlled trial of self-help interventions in
patients with a primary care diagnosis of
irritable bowel syndrome. Gut. (30)

420 (89%
female)

Symptom severity
Frequency of
doctor's
appointments

Self-help manual vs. self-
help manual + 1x/week self-
help group vs. control group
(outpatient care)

No difference between self-help groups; reduction of
doctor's appointments (60% less) and health costs
(40%) compared to control group; improvement of
symptoms compared to beginning.
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the psychiatric comorbidity was reduced over time (31)
(Table 2).

A meta-analysis examined the effect of self-help and self-
management methods. There was a medium effect size (d=0.72)
for the reduction of symptom severity and a large effect size
(d=0.84) for the improvement of quality of life (32). Online
interventions were especially suited to reduce somatic
complaints and improve quality of life (32). However, it is to
note that several studies do not have adequate control groups, the
study population is often very small and blinding often
not possible.

Cognitive Behavioral Therapy

Most of the psychological interventions in the treatment of IBS
are based on CBT aiming at the reduction of irrational fears and
the modulation of behavioral patterns. The NNT with CBT was 4
(95% CI 3-9) (32). However, although CBT shows good results,
it is not always available and labor-intensive. Therefore, the
application also depends on the patient's intention, the expertise
of the professional and the resources available (26).

A meta-analysis from 2019 studied nine randomized
controlled trials (RCTs) compared to control groups with 610
patients in total. In 145 of 349 (41.5%) patients undergoing CBT
the symptoms did not improve, compared to 166 of 261 (63.6%)
patients in the control groups (19) indicating a beneficial effect
of CBT.

A trial showed a 50% reduction of gastrointestinal symptoms,
anxiety, and depression in the CBT group compared to symptom
scores assessed at baseline (33). Another study investigated a
combination of progressive muscle relaxation, cognitive
behavioral strategies, and problem-solving approaches in
comparison to a standardized medical treatment with drugs
and regular appointments with a gastroenterologist. The group
with the extended psychological treatment showed a decrease of
bowel symptoms and an increase of well-being, quality of life and
control of disease after 3 and 6 months compared to the control
group whose symptoms remained unchanged (34). This study
showed that the combination of drug therapy and psychological
interventions is superior to medical treatment alone.

A more recent RCT used an online program based on CBT. A
total of 86 patients were included and randomized to the control
(an online discussion forum) or treatment group. The main
measures were IBS symptom severity, quality of life, anxiety,
depression, and general functioning. Patients in the treatment
group reported a 42% decrease in IBS symptoms in comparison
to the control group that reported a 12% increase in IBS
symptoms (35). The follow-up after 15 and 18 months also
showed that the group with the psychological intervention
benefited with regards to symptoms, quality of life and anxiety
(d=0.78-1.11) (36). Similarly, an internet-based treatment with
CBT exerted positive effect in adolescents with IBS. A controlled
study showed after an intervention of 10 weeks a decrease of
gastrointestinal symptoms (d=0.45, NNT 4) and an
improvement in quality of life (d=0.40) in the group with
online psychotherapy in comparison to the control group (37).
The symptoms of anxiety and depression also decreased in the
course of the intervention but there was no significant difference

between the therapy group and the control group (37). The
follow-up after 6 months showed that the effects remained
constant. Fear-characteristics, quality of life and frequency of
pain further decreased during the follow-up (37).

A large study in 436 IBS patients allocated to either standard
CBT (10 weekly sessions, 60 min/session with information on
brain-gut interaction, self-monitoring symptoms, muscle-
relaxation), four sessions of primarily home-based CBT with
minimal therapist contact (MC-CBT), or four sessions of IBS
education (EDU). After 12 weeks, a higher proportion of patients
with MC-CBT reported an improvement in gastrointestinal
symptoms (61%) than patients with EDU (43%), while 55%
patients in the CBT group showed an improvement (16). At 6
months after the end of treatment, a significant difference was
observed between MC-CBT (58.4%) and EDU (44.8%) with
regards to improvement of bowel symptoms. Both CBT
methods (CBT and MC-CBT) showed significantly higher
patient satisfaction than EDU (d for MC-CBT = 0.53). The
results showed that MC-CBT is as efficacious as standard CBT
(16). Therefore, CBT might be offered also on a telemedical basis
with minimal therapist contact, probably in an (even more) cost
effective manner. In line with this assumption, another study
investigated telephone-delivered CBT (TCBT) and web-based
CBT (WCBT) in comparison to treatment as usual (TAU). The
study showed that both CBT methods led to an improvement in
IBS severity and coping strategies compared to TAU (38). Both
methods were cost-effective.

A recent trial from 2019 with 60 IBS patients with diarrhea-
predominant IBS and 30 healthy controls studied the effect of
CBT and exercise on the coping styles and cognitive bias of
patients (Table 3). The patients were divided into two groups:
experimental group (CBT + exercise) and control group
(conventional drugs). After 6-24 weeks there was an
improvement of neglect and pain behavior along with a
difference in perfectionism, dependence and vulnerability (47).
This study shows that CBT in combination with exercise can
help to change the cognitive bias and coping styles of patients
with diarrhea-predominant IBS. Lastly, a study using rectal
barostat showed that although CBT did not alter visceral
discomfort, urge, and pain during barostat testing, self-rated
visceral sensitivity did improve after CBT (48).

Psychodynamic Psychotherapy
Psychodynamic psychotherapy focuses on intra- and
interpersonal conflicts and how they contribute to the
development and maintenance of symptoms. Psychodynamic
psychotherapy leads to an improvement in IBS symptoms with a
NNT of 4 (95% CI 2-20) (19). Therefore, also psychodynamic
psychotherapy is recommended by the world gastroenterology
organization (26).

A study from 1983 studied the impact of psychodynamic
interventions on symptoms of IBS. A group received,
additionally to a medical therapy, a psychodynamic
intervention. Compared to the control group with medical
therapy only, the intervention group showed a more
pronounced improvement of symptoms after 3 months. The
improvement was still observed after 1 year (49).
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TABLE 3 | Randomized controlled studies investigating the effects of cognitive behavioral therapy in patients with irritable bowel syndrome.

Study Population

Greene & Blanchard (1994) Cognitive
therapy for irritable bowel syndrome. J
Consult Clin Psychol. (39)

20 (75% female)

Payne & Blanchard (1995) A controlled
comparison of cognitive therapy and self-
help support groups in the treatment of
irritable bowel syndrome. J Consult Clin
Psychol. (33)

Volimer & Blanchard (1998) Controlled
comparison of individual versus group
cognitive therapy for irritable bowel
syndrome. Behav Ther. (40)
Heymann-Monnikes et al. (2000) The
combination of medical treatment plus
multicomponent behavioral therapy is
superior to medical treatment alone in the
therapy of irritable bowel syndrome. Am J
Gastroenterol. (34)

Boyce et al. (2003) A randomized controlled
trial of cognitive behavior therapy, relaxation
training, and routine clinical care for the
irritable bowel syndrome. Am J
Gastroenterol. (41)

Drossman et al. (2003) Cognitive-behavioral
therapy versus education and desipramine
versus placebo for moderate to severe
functional bowel disorders.
Gastroenterology. (42)

Tkachuk et al. (2003) Randomized
controlled trial of cognitive-behavioral group
therapy for irritable bowel syndrome in a
medical setting. J Clin Psychol Med
Settings. (43)

Kennedy et al. (2003) Cognitive behaviour
therapy in addition to antispasmodic
treatment for irritable bowel syndrome in
primary care: randomised controlled trial.
BMJ. (29)

22 (82% female)

34 (76% female)

21 (87.5% female)

105 (81% female)

169 (100% female)

28 (96% female)

149 (n.s.)

Lackner et al. (2008) Self-administered
cognitive behavior therapy for moderate to
severe irritable bowel syndrome: clinical
efficacy, tolerability, feasibility. Clin
Gastroenterol Hepatol. (44)

Ljotsson et al. (2010) Internet-delivered
exposure and mindfulness based therapy
for irritable bowel syndrome—a randomized
controlled trial. Behav Res Ther. (35)

75 (87% female)

85 (85% female)

Craske et al. (2011) A cognitive-behavioral
treatment for irritable bowel syndrome
using interoceptive exposure to visceral
sensations. Behav Res Ther. (45)

110 (74% female)

Variables

Gl symptoms

Individual GI symptoms
Composite index for Gl
symptoms

Clinical symptoms

IBS symptoms
Well-being
Quality of life

General health

Pain

Physical functioning
Anxiety

Depression

Clinical, physiological,
and psychosocial
assessment

Global symptoms

Work and social
adjustment scale
Symptom severity

IBS symptom severity
Quiality of life
Global symptoms

IBS symptom severity
Quality of life

Anxiety

Depression

General functioning
Clinical symptoms

Intervention

2 weeks: 2x 1 h intervention/week, 6
weeks: 1x 1 h intervention/week vs.
control group with symptom
monitoring

2 weeks: 2x 1 h intervention/week, 6
weeks: 1x1 h intervention/ week vs.
symptom-monitoring waiting-list
control

10 weeks: 1 h individual CBT session/
week or 10 weeks: 90 min group CBT

session/week or monitoring (control
group)

10 weeks: 1x1 h session
multicomponent behavioral therapy/

week + medication vs. control group:

medication only

8 weeks: 1x 1 h CBT/week vs. 8
weeks: 1x 30 min relaxation therapy/
week

12 weeks: 1x 1 h CBT/week vs.
control group (education)

1 week: 2x 90 min group CBT
intervention, 8 weeks: 1x 90 min
group CBT intervention/week vs.
home-based symptom monitoring

6 weeks: 1x 50 min CBT/week +

mebeverine vs. control group
(mebeverine only)

10 weeks: 1x 1 h CBT/week vs. 10

weeks: 1x 1 h CBT on four occasions

vs. control group (waiting list)

CBT via Internet vs. control group
(online discussion forum)

10 sessions of CBT or stress
reduction training or attention control

Results

Post treatment: 80% of CBT
group and 10% of control group
with significant improvement of Gl
symptoms.

50% reduction of gastrointestinal
symptoms, anxiety, and
depression in the CBT-group
compared to baseline symptom
score.

Post treatment: improvement of
clinical symptoms: 64% in group
CBT, 55% in individual CBT, 10%
in control group.

Improvement in the behavioral
therapy group (well-being, quality
of life, symptoms; no change in
the control group).

Reduction in anxiety, depression,
improvement of general health,
pain and physical functioning, no
difference between groups.

CBT was more beneficial over
Education for all parameters
except for depressiveness.

Better improvement in global
symptoms, daily pain,
psychological distress, and quality
of life in CBT group.

CBT showed better reduction of
symptom severity, benefit on
work, and social adjustment scale
compared to control group;
effects persisted after 6-12
months.

Both CBT methods were superior
to control group and induced
adequate relief of global
symptoms.

CBT group: 42% decrease in IBS
symptoms, control group: 12%
increase in IBS symptoms.

CBT was superior to stress
reduction training and attention
control with regards to several
domains; no difference between
stress reduction training and
attention control.

Bonnert et al. (2017) Internet-delivered 101 (61% female) Gastrointestinal 10 weeks internet CBT vs. control Greater improvement of
cognitive behavior therapy for adolescents symptoms group (wait list) gastrointestinal symptoms and
with irritable bowel syndrome: a Quality of life quality of life in CBT compared to
randomized controlled trial. Am J control group.
Gastroenterol. (37)

(Continued)
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TABLE 3 | Continued

Study Population Variables Intervention Results
Lackner et al. (2018) Improvement in 436 (80% female) Gastrointestinal Standard CBT: 10 weeks: 1x 60 min/  Minimal contact CBT was more
gastrointestinal symptoms after cognitive symptoms week or minimal therapist contact effective than education and as

behavior therapy for refractory irritable
bowel syndrome. Gastroenterology. (46)
Everitt et al. (2019) Therapist telephone-
delivered CBT and web-based CBT
compared with treatment as usual in

558 (76% female)

IBS severity score
Work and social
adjustment scale

CBT: four sessions or education (four  effective as standard CBT.
sessions)

Telephone-delivered CBT: 9 weeks: 6x
1 h sessions + 2 x 1 h at months 4+8

vs. web-delivered CBT: 9 weeks: 3x

CBT increased capacity to cope
with symptoms and negative
emotions; both CBT arms

refractory irritable bowel syndrome: the
ACTIB three-arm RCT. Health Technol
Assess. (38)

Zhao et al. (2019) Effect of cognitive
behavior therapy combined with exercise
intervention on the cognitive bias and
coping styles of diarrhea-predominant
irritable bowel syndrome patients. World J
Clin Cases. (47)

57 (75% female) Cognitive bias

Coping styles

30 min telephone sessions + 2x 30

induced improvement in IBS

min at months 4+8 vs. treatment as
usual

CBT + exercise vs. control group
(drug therapy)

severity score at 3, 6, 12 months
compared to TAU.

Greater improvement of cognitive
bias and coping styles in CBT +
exercise compared to control
group.

CBT, cognitive behavioral therapy; Gl, gastrointestinal; IBS, irritable bowel syndrome; n.s., not specified; TAU, treatment as usual; RCT, randomized controlled trial.

An RCT showed that a psychodynamic intervention is related
to a reduction of interpersonal conflicts (Table 4). The reduction
of interpersonal conflicts was a predictor for an improvement of
health status in comparison to medical therapy (52).
Nonetheless, also the control group with antidepressant
medication showed a reduction of somatic symptoms.

Another study compared the effects of a psychodynamic
intervention with a treatment with paroxetin (selective
serotonin reuptake inhibitor, SSRI). There was no significant
difference related to pain reduction after 3 months. After 1 year
both interventions improved the somatic component of quality
of life. Overall, psychodynamic psychotherapy is a cost-effective
alternative for a drug therapy of IBS (51).

Hypnotherapy
Hypnotherapy is a method to focus on the perception of
intestinal symptoms. The therapist is trying to impart bowel

control to the patient and to achieve a change of the individual
reaction on somatic symptoms (53). It was shown that the NNT
with hypnotherapy is 5 (95% CI 3.5-10) (19). The world
gastroenterology organization recommends hypnotherapy for
patients with IBS refractory to drug treatment. However,
although it shows more safety and tolerability compared to
drug therapy, it may be labor-intensive and not always
available (26).

A study from 1984 investigated the effect of hypnotherapy in
patients with hard-to-treat IBS in comparison to supportive
psychotherapy. The group with hypnotherapy showed a
significant improvement of pain, flatulencies, changes in bowel
habit, and general well-being. The follow-up after 3 months
showed a persistence of the improvement (54). Another study
showed that both hypnotherapy one-to-one sessions and group
sessions induced a subjective relief associated with an
improvement in quality of life, somatic and psychological
symptoms (Table 5). The improvement continued for 12

TABLE 4 | Randomized controlled studies investigating the effects of psychodynamic psychotherapy in patients with irritable bowel syndrome.

Study Population Variables Intervention Results
Svedlund et al. (1983) Controlled study of 101 (69%  Somatic symptoms 3 months: 10x 1 h session Greater improvement of somatic
psychotherapy in irritable bowel syndrome. female) psychodynamic psychotherapy +  symptoms in psychodynamic group;
Lancet. (49) medical treatment vs. control difference between both groups more
group (medical treatment) pronounced after 1 year follow-up.
Guthrie et al. (1991) A controlled trial of 102 (74% IBS symptoms 3 months: eight sessions At 3 months greater improvement in
psychological treatment for the irritable bowel female) psychodynamic therapy (plus diarrhea and abdominal pain in
syndrome. Gastroenterology. (50) relaxation plus medication) vs. psychodynamic group compared to
control (medical treatment) control.
Creed et al. (2003) The cost-effectiveness of 252 (80%  IBS symptoms 3 months: eight sessions of Psychodynamic and paroxetine improved
psychotherapy and paroxetine for severe female) Quality of life psychodynamic psychotherapy in global symptoms; during follow up
irritable bowel syndrome. Gastroenterology (51) Health care costs vs. psychotherapy was more cost efficient
paroxetine vs. control group than paroxetine and control.
(routine care)
Hyphantis et al. (2009) Psychodynamic 247 (80% Interpersonal problems Psychodynamic psychotherapy Psychodynamic therapy induced a
interpersonal therapy and improvement in female) Abdominal pain vs. antidepressant vs. control reduction of interpersonal conflicts;

interpersonal difficulties in people with severe
irritable bowel syndrome. Pain. (52)

Bowel symptoms

Health status

Psychological distress

group (routine care)

medical treatment improved somatic
symptoms.

IBS, irritable bowel syndrome.
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TABLE 5 | Randomized controlled studies investigating the effects of hypnotherapy in patients with irritable bowel syndrome.

Study

Whorwell et al. (1984) Controlled trial of
hypnotherapy in the treatment of severe
refractory irritable-bowel syndrome. Lancet.
(65)

Galovski & Blanchard (1998) The treatment of
irritable bowel syndrome with hypnotherapy.
Appl Psychophysiol Biofeedback. (56)

Simrén et al. (2004) Treatment with
hypnotherapy reduces the sensory and motor
component of the gastrocolonic response in
irritable bowel syndrome. Psychosom Med.
(67)

Lindfors et al. (2012) Effects of gut-directed
hypnotherapy on IBS in different clinical
settings—results from two randomized,
controlled trials. Am J Gastroenterol. (58)

Moser G et al. (2013) Long-term success of
gut-directed group hypnosis for patients with
refractory irritable bowel syndrome: a
randomized controlled trial. Am J
Gastroenterol. (59)

Rutten et al. (2017) Home-based
hypnotherapy self-exercises vs. individual
hypnotherapy with a therapist for treatment of
pediatric irritable bowel syndrome, functional
abdominal pain, or functional abdominal pain
syndrome: a randomized clinical trial. JAMA
Pediatr. (60)

Flik et al. (2019) Efficacy of individual and
group hypnotherapy in irritable bowel
syndrome (IMAGINE): a multicentre

Population

30 (87% female)

12 (83% female)

26 (68% female)

Study 1: 90 (79%
female)
Study 2: 48 (81%
female)

90 (79% female)

260 (72% female)

354 (76% female)

Variables

Gastrointestinal
symptoms
General well-
being

IBS symptoms
Anxiety

IBS symptoms
Barostat
measurements

IBS symptoms

Quality of life
Psychological
status

IBS symptoms

Pain frequency
Intensity score

Quiality of life
IBS symptoms

Intervention

Hypnotherapy vs. control
(supportive psychotherapy)

6 weeks: 1x 30 min to 1 h gut
directed hypnotherapy/week vs.
control group: symptom watching
waiting list

12 weeks: 1x 1 h session gut-
directed hypnotherapy/week vs.
control (supportive therapy)

Study 1:

12 weeks: 1x 1 h hypnotherapy/
week + audiotapes for exercising
at home vs. supportive therapy
Study 2: hypnotherapy sessions in
hospital vs. waiting list controls

12 weeks: 10x 45 min gut-
directed hypnotherapy sessions +
exercise at home + medical
treatment vs. control group
(medical treatment)

Cd group: 3 months hypnotherapy
with 3 exercises/week vs. therapist
group: 3 months hypnotherapy
with six sessions

Individual hypnotherapy vs. group
hypnotherapy vs. control group
(education)

Results

Hypnotherapy group: significant
improvement of gastrointestinal
symptoms, no change in control group;
benefit persisted after 3 months follow-up.
Greater improvement of gastrointestinal
symptoms in hypnotherapy group,
decrease of anxiety.

More frequent improvement in global
symptoms in hypnotherapy vs. control
group; hypnotherapy reduced the sensory
and motor component gastrocolonic
response.

Improvement of IBS symptoms in 3
months in both studies; greater
improvement in hypnotherapy groups.

Gut-directed hypnotherapy was superior
to medication therapy and showed a long-
term effect.

Cd hypnotherapy is not inferior to
therapist hypnotherapy.

Improvement in life quality, somatic and
psychological symptoms by
hypnotherapy; no difference between

randomised controlled trial. Lancet
Gastroenterol Hepatol. (61)

individual or group therapies.

Cd, compact disc; IBS, irritable bowel syndrome.

months and there was no difference between the different types
of sessions (61).

In a study from 2003, 23 patients with IBS and rectal hyper-/
hypo- or normal sensitivity were treated with hypnotherapy for
12 weeks and the sensory perception was compared with a
healthy control group. The study showed that hypnotherapy
can improve abnormal sensory perception in patients with IBS
(62). Another study from 2004 investigated the gastrocolonic
response of patients with IBS undergoing hypnotherapy and
showed a reduction of the sensory and motor component of the
gastrocolonic response (57). Hypnotherapy has also an effect on
the processing and perception of visceral stimuli in patients with
IBS. A study using fMRI suggested that hypnotherapy is able to
normalize altered perception (63).

Lastly, a study showed that children with IBS benefit from a
Cd-based therapy to the same extent as from therapeutic one-to-
one sessions (60). Therefore, also hypnotherapy can be applied in
a highly cost-efficient manner.

Mindfulness-Based Therapy
Mindfulness-based therapy combines stress reduction and
elements from CBT. The patients learn to perceive the

complaints and to better cope with them (64). Due to the
small number of studies investigating mindfulness-based
therapies, no NNT has been calculated yet.

A prospective study investigated the effects from a stress
reduction program on parameters like bowel complaints, quality
of life, and gastrointestinal symptom-specific anxiety in patients
with IBS. No effect was seen after 2 months, but after 6 months
there was an improvement in quality of life and a reduction of
symptom-specific anxiety. However, bowel-associated
complaints did not change significantly (65). A randomized,
controlled trial with 75 female IBS patients showed a reduction of
gastrointestinal symptoms after 8 weeks of mindfulness-based
therapy in comparison to the control group with social support
only. The follow-up after 3 months showed that the reduction
persisted associated with an improvement in quality of life and
reduction of stress (64). Other studies with female IBS patients
reported a significant improvement of symptom severity and
quality of life after 8 weeks of mindfulness-based therapy
compared to a control group. Mindfulness-based therapy
reduced visceral sensitivity, mental stress, or over-evaluation of
stress. Moreover, patients with IBS undergoing mindfulness
training showed a nonreactivity to gut-focused anxiety and
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TABLE 6 | Randomized controlled studies investigating the effects of mindfulness-based therapy in patients with irritable bowel syndrome.

Study Population Measured variable Intervention Results
Gaylord et al. (2011) Mindfulness training reduces the 75 (100%  Quality of life 8 weeks: 1x 2 h Greater reductions in IBS symptom
severity of irritable bowel syndrome in women: results of a female) Visceral sensitivity mindfulness training/ week  severity after treatment and at 3
randomized controlled trial. Am J Gastroenterol. (64) index vS. support group months follow up in mindfulness
Treatment credibility compared to support group.
scale
Garland et al. (2012) Therapeutic mechanisms of a 75 (100%  IBS severity 8 weeks: mindfulness Mindfulness training promoted
mindfulness-based treatment for IBS: effects on visceral female) Quality of life training vs. social support  nonreactivity to IBS-associated anxiety
sensitivity, catastrophizing, and affective processing of pain and catastrophic appraisals.
sensations. J Behav Med. (66)
Zemicke et al. (2013) Mindfulness-based stress reduction 90 (90%  IBS symptom severity 8 weeks: 1x 90 min/week  Greater decrease in symptom severity
for the treatment of irritable bowel syndrome symptoms: a female) Quality of life mindfulness-based stress  in mindfulness group; benefit for
randomized wait-list controlled trial. Int J Behav Med. (67) Stress reduction vs. control group  overall symptoms persisted at 6
Mood (waiting list) months follow-up.

IBS, irritable bowel syndrome.

catastrophic appraisals compared to a social support control
group (66).

Lastly, in a study population of 90% women and 10% men a
mindfulness-based therapy was applied for 8 weeks (Table 6).
The bowel complaints showed a significant reduction in
comparison to control patients on the waiting list. The level of
stress was reduced, but there was no significant difference in
quality of life and mood between the two groups. The outcome
after 6 months showed no difference between both groups due to
a rebound of complaints (67). Therefore, mindfulness-based
therapy might have to be supplemented by other treatments in
order to exert a more sustained effect.

Relaxation Therapy

Relaxation therapies like progressive muscle relaxation or
autogenic training aim to reduce perceived stress since stress
can lead to a physiological arousal further increasing the somatic
complaints and negatively influencing the communication
between gut and brain (68). These therapies were shown to
have a NNT of 6, however, with a broad range (95% CI 3-60)
(19). This broad range likely also contributed to the assessment
that relaxation therapy (alone) is not more effective than usual
care in the relief of global IBS symptoms (26).

A randomized controlled trial showed the effect of a stress
management program in comparison to peppermint oil. These
patients learned different relaxation methods and 2/3 of them
were able to reduce their pain attacks as well as their complaints.
The reduction persisted up to 1 year follow-up (69). A
comparison between medical therapy and progressive muscle
relaxation showed that the relaxation method could reduce
anxiety more effectively; however, there was no significant
difference in reducing the somatic symptoms (70). A program
of progressive muscle relaxation for 2 months at home led to an
improvement of gastrointestinal symptoms compared to
symptom control only. However, the study size was very small
with 16 patients only (71).

A more recent trial studied the effects of relaxation methods
(progressive muscle relaxation, breathing techniques) and
training of emotional awareness and expression compared to

waiting list patients. At the beginning the patients frequently
showed a low emotional reaction to stress events and
relationship conflicts. This can lead to avoidance behavior and
chronic arousal. The emotional awareness and expression
training reduced IBS symptom severity after 2 and 10 weeks
compared to the control group. There was an improvement of
quality of life in the emotional training group as well as in the
group with relaxation methods. After 10 weeks the positive
effects persisted; however, only in the relaxation group there
was a significantly lower level of depressive and anxious
symptoms (72).

A trial on young patients studied the effect of yoga exercises
on IBS symptoms. The patients exercised yoga at home for 4
weeks. In comparison to patients on a waiting list, there was a
reduced functional limitation, a lower avoidance behavior, and
less anxiety symptoms (Table 7). However, there was no effect on
depressive symptoms and on somatic symptoms (60). A recent
trial compared the effect of yoga with the effect of a low-
FODMAP diet. After 12 weeks yoga exercise at home and
nutritional counselling in the control group, there was a
significant reduction of the severity of gastrointestinal
symptoms in both groups which persisted in the following
year. It is to note that yoga also reduced anxiety symptoms (61).

SUMMARY

IBS patients often report a great burden of disease associated
with a significant impairment in quality of life. Psychotherapy is
an important treatment column for patients with IBS with
different procedures available, all of which are well to very well
evidence-based by now. Consequently, the world
gastroenterology organization states that CBT, hypnotherapy,
and psychodynamic therapy are more effective in improving
global symptoms than usual care (26).

It is to note that the current review also has limitations. First
of all, only few studies were at low risk of bias which should be
taken into account when interpreting the data. Moreover, some
psychotherapeutic techniques were tested in few randomized
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TABLE 7 | Randomized controlled studies investigating the effects of relaxation therapy in patients with irritable bowel syndrome.

Study Population

Bennett & Wilkinson (1985) A
comparison of psychological and
medical treatment of the irritable
bowel syndrome. Br J Clin Psychol.
(70)

Lynch & Zamble (1989) A controlled
behavioral treatment study of
irritable bowel syndrome. Behav
Ther. (73)

Shaw et al. (1991) Stress
management for irritable bowel
syndrome: a controlled trial.
Digestion. (69)

Blanchard et al. (1993) Relaxation
training as a treatment for irritable
bowel syndrome. Biofeedback Self
Regul. (71)

33 (70% female)

21 (67% female)

35 (57% female)

23 (78% female)

Keefer & Blanchard (2001) The
effects of relaxation response
meditation on the symptoms of
irritable bowel syndrome: results of
a controlled treatment study. Behav
Res Ther. (74)

Kuttner et al. (2006) A randomized
trial of yoga for adolescents with
irritable bowel syndrome. Pain Res
Manag. (75)

13 (69% female)

28 (71% female)

van der Veek et al. (2007) Clinical
trial: short- and long-term benefit of
relaxation training for irritable bowel
syndrome. Aliment Pharmacol Ther.
(76)

Shinozaki et al. (2010) Effect of
autogenic training on general
improvement in patients with irritable
bowel syndrome: a randomized
controlled trial. Appl Psychophysiol
Biofeedback. (77)

Boltin et al. (2015) Gut-directed
guided affective imagery as an
adjunct to dietary modification in
irritable bowel syndrome. J Health
Psychol. (78)

Thakur et al. (2017) Emotional
awareness and expression training
improves irritable bowel syndrome:
a randomized controlled trial.
Neurogastroenterol Motil, (72)

98 (73% female)

21 (562% female)

34 (76% female)

106 (80% female)

Schumann et al. (2018) Randomised
clinical trial: yoga vs. 6low-FODMAP
diet in patients with irritable bowel
syndrome. Aliment Pharmacol Ther.
(79)

59 (n.s.)

Measured variable

IBS symptoms
Anxiety

IBS symptoms
Mood
Self perception

IBS symptoms

Gastrointestinal
symptoms

IBS symptoms

Gastrointestinal
symptoms

Pain

Functional disability
Anxiety

Depression

IBS symptom severity
Quality of life
Frequency of doctor
visits

IBS symptoms
Anxiety
Depression

Symptom severity
Quality of life

Symptom severity
Quality of life

Gastrointestinal
symptoms
Quality of life

Intervention

Progressive muscle relaxation vs.
medical treatment

8 weeks: 1x 2 h relaxation therapy
/week and audio material for
practicing twice at home vs.
control group (waiting period)

6x 40 min sessions stress
management program vs. control
group (conventional therapy
including antispasmodic)

2 weeks: two sessions
progressive muscle relaxation/
week, 6 weeks: one session
progressive muscle relaxation/
week with regular home training
vs. control group (monitoring)

6 weeks: 1x 30 min relaxation
response meditation/week vs.
control group (waiting list)

Yoga intervention: 1 h instruction,
daily home practice over 4 weeks
vs. control group (wait list)

4x 90 min sessions of relaxation
therapy in small groups vs. control
group (standard medical care)

8 weeks: 1x 30-40 min session
autogenic training/week vs. control
group (discussions)

8 weeks: 1x 3 h session
psychotherapy + guided affective
imagery vs. control (no
psychotherapy)

2 weeks: 3x 50 min sessions
relaxation therapy or emotional
awareness/expression training or
control (wait list)

12 weeks: two sessions/week
yoga + exercise at home vs.
control group (FODMAP)

FODMAP, fermentable, oligo-, di-, monosaccharides and polyols; IBS, irritable bowel syndrome; n.s., not specified.

Results

Reduction of initial high anxiety levels in
relaxation group only; IBS symptoms were
reduced in both groups.

Improvement of measured variables after
treatment; benefit persisted for 5 months.

2/3 of patients attending the stress
program showed relief in symptoms and
fewer attacks of less severity; benefit
maintained for 12 months.

Relaxation showed greater improvement in
gastrointestinal symptoms than the
symptom monitoring group.

Meditation was superior to control.

Yoga group showed lower levels of
functional disability, lower avoidance
behavior and less anxiety symptoms
compared to control.

Improvement in the measured variables by
relaxation therapy compared to control;
number needed to treat for long-term
improvement was 5.

Improvement of social functioning and
bodily pain by autogenic training.

Reduction of symptom severity and
improvement of quality of life by affective
imagination.

Relaxation training reduced depressive
symptoms; emotional awareness/
expression training reduced IBS symptom
severity and improved quality of life after 10
weeks follow-up while it did not reduce
somatic symptoms.

Reduction of gastrointestinal symptoms in
both groups; yoga reduced anxiety
symptoms.
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studies so far; therefore, conclusions should be drawn with
caution. Lastly, IBS is a heterogeneous disease which should be
considered when performing a study and also when
extrapolating the results to “real life” patients, especially those
presenting to tertiary care centers which very often report
(psychiatric) comorbidities.

Future perspectives of psychotherapy in IBS have also been
investigated in few studies. A recent study showed that tele-
hypnotherapy also leads to a reduction of pain, anxiety, and IBS
severity in patients with IBS (80). Moreover, CBT offered via
computer or telephone was superior to treatment as usual (38).
Future studies should further explore these media as well as
options for e-health interventions.

Taken together, it seems to be important to offer a
multicomponent therapeutic strategy including psychoeducation,
other psychotherapeutic interventions in addition to basal/drug
therapy. These multicomponent approaches should be further
investigated in controlled trials.
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The prevalence of stress-associated somatic and psychiatric disorders is increased in
environments offering a narrow relative to a wide range of microbial exposure. Moreover,
different animal and human studies suggest that an overreactive immune system not only
accompanies stress-associated disorders, but might even be causally involved in their
pathogenesis. In support of this hypothesis, we recently showed that urban upbringing in
the absence of daily contact with pets, compared to rural upbringing in the presence of
daily contact with farm animals, is associated with a more pronounced immune activation
following acute psychosocial stressor exposure induced by the Trier Social Stress Test
(TSST). Here we employed 16S rRNA gene sequencing to test whether this difference in
TSST-induced immune activation between urban upbringing in the absence of daily
contact with pets (n = 20) compared with rural upbringing in the presence of daily contact
with farm animals (n = 20) is associated with differences in the composition of the salivary
microbiome. Although we did not detect any differences in alpha or beta diversity
measures of the salivary microbiome between the two experimental groups, statistical
analysis revealed that the salivary microbial beta diversity was significantly higher in
participants with absolutely no animal contact (n = 5, urban participants) until the age of 15
compared to all other participants (n = 35) reporting either daily contact with farm animals
(n = 20, rural participants) or occasional pet contact (n = 15, urban participants).
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Saliva Microbiome and Inflammatory Markers

Interestingly, when comparing these urban participants with absolutely no pet contact to
the remaining urban participants with occasional pet contact, the former also displayed a
significantly higher immune, but not hypothalamic-pituitary-adrenal (HPA) axis or
sympathetic nervous system (SNS) activation, following TSST exposure. In summary,
we conclude that only urban upbringing with absolutely no animal contact had long-lasting
effects on the composition of the salivary microbiome and potentiates the negative
consequences of urban upbringing on stress-induced immune activation.

Keywords: alpha diversity, animal contact, beta diversity, interleukin (IL)-6, salivary microbiome, Trier Social Stress
Test (TSST), rural upbringing, urban upbringing

INTRODUCTION

Stress-related somatic and psychiatric disorders have been
increasing in Western societies throughout the last decades (1,
2), with urban areas being more affected than rural ones (3, 4).
Although the underlying mechanisms are not fully understood,
recent studies promote the hypothesis that a compromised
immunoregulatory capacity, due to diminished contact to
microorganisms (i.e., “Old Friends”) with which humans
coevolved, might at least in part underlie the increased disease
vulnerability of individuals living in urban compared with rural
areas (5). Throughout human evolution, the interactions
between the innate immune system and these ancestral
microbiota promoted immunoregulation, as they were either
part of host physiology (human microbiota), were harmless but
inevitably contaminating air, food, and water (environmental
microbiota), or were causing severe tissue damage when attacked
by the host immune system (e.g., helminthic parasites) (6-8).
However, microbial biodiversity and, thus, overall contact with
environmental and commensal microorganisms that were
present during mammalian evolution and that play a role in
setting up regulatory immune pathways, is progressively
diminishing in high-income countries, particularly in urban
areas (5, 8). The latter is due to sanitation, drinking water
treatment, excessive use of antibiotics, changes in diet, feeding
of formula milk as a replacement for breast milk, increased
caesarean section birth rates, as well as increased time spent
within the built environment (6-10). In line with the hypothesis
that immunoregulatory capacities of individuals raised in an
environment offering a narrow range of microbial exposure are
compromised, compared with immunoregulatory capacities of
individuals raised in an environment offering a wide range of
microbial exposure, we recently showed that young, physically
and emotionally healthy, male participants raised during the first
15 years of life in a city with more than 100,000 residents and in
the absence of daily contact with pets (urban; n = 20) show an
increased stress-induced inflammatory response when exposed
to the Trier Social Stress Test (TSST) (11), relative to respective
participants raised on a farm in the presence of daily contact with
farm animals (rural; n = 20). In detail, this was indicated by an
aggravated stress-induced increase in peripheral blood
mononuclear cell (PBMC) counts and plasma interleukin (IL)-
6 concentrations, as well as an enhanced Concanavalin A

(ConA)-induced IL-6 response from ex vivo cultured PBMCs
in urban participants with no daily animal contact (8).
Importantly, there were no basal immunological differences
between the groups before stressor exposure and stress-
induced physiological responses also did not differ between the
groups (8).

The microbiome data presented in the current study were
collected in the identical cohort of participants recruited in our
recent study (8) to test whether the increased TSST-induced
immune activation in urban participants raised in the absence of
daily pet contact, relative to rural participants raised in the
presence of daily contact with farm animals, reported in this
recent study (8), is accompanied by measureable differences in
the composition of the salivary microbiome employing 16S
rRNA gene sequencing. This hypothesis is based on recent
findings that environment influences the human salivary
microbiome, more so than host genetics (12), and the proposal
that the oral microbiome may be useful in both the diagnosis and
treatment of disease, including inflammatory disease (13, 14).

METHODS

Recruiting

Recruiting was performed as published recently (8). Briefly, all
participants were male, between 20 and 40 years of age, and grew
up (until the age of 15) either in a city with more than 100,000
residents and in the absence of daily contact with pets (urban: n =
20) or on a farm with daily contact with farm animals (rural: n =
20). All participants were physically (i.e., asked whether they
suffered from chronic physical disorders) and emotionally
healthy (i.e., based on responses to the Structured Clinical
Interview for DSM-IV Disorders, SCID-I, administered during
telephone screening) and asked to abstain from any kind of drugs
(e.g., analgesics, sleep-inducing drugs, dietary supplements),
exercise, caffeine, alcohol, and nicotine for a minimum of 3
days before the test day. Furthermore, participants were told to
sleep at least 8 h during the night before the experiment and to
drink at least 1 1 of water on the experimental day itself. The
detailed inclusion and exclusion criteria for participants of the
current study are reported elsewhere (8). In cases of unforeseen
illness, test persons were told to delay the experiment. All
experiments were approved by the Ethics Committee of Ulm
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University and the study is registered at the DRKS (German
Clinical Trials Register, ID DRKS00011236). Moreover, a
commuting accident insurance policy was installed for
participating volunteers. Experimenters were covered by the
employer's public liability insurance. All Data and Samples
were collected between October 2016 and April 2017.
Sociodemographic-, psychometric, physiological and
immunological data from all participants of the present study
have already been published recently (8).

Experimental Procedure

The detailed experimental procedures have already been
described elsewhere (8). Briefly, sociodemographic features
were assessed by questionnaire at the beginning of the
experimental procedure. All participants were asked whether
they had no animal contact at all, occasional animal contact, or
daily animal contact until their 15™ birthday, respectively.
Importantly, while rural participants (n = 20) were only
included in the study if they indicated daily contact with farm
animals, urban participants (n = 20) were included when
indicating either no daily animal contact or occasional animal
contact until their 15™ birthday (i.e., the requirement for
enrollment in the study for urban participants was “no daily
animal contact”). Five urban participants reported absolutely no
animal contact until their 15 birthday. Following verification of
emotional and physical health status by validated questionnaires
(List of complaints for quantitative analysis of current bodily and
general complaints (BL); State-(Trait-) Anxiety-Inventory (STAI-
S) Questionnaire), the venous catheter (non-dominant arm), as
well as the blood pressure and heart rate monitor (dominant
arm) were placed (-60 min time point). Before (-5 min) and
after (5, 15, 60, 90, and 120 min) the TSST, different parameters
where assessed at each time point. In detail, heart rate and
diastolic (D) and systolic (S) blood pressure (BP) were assessed
(for calculation of mean arterial pressure (MAP) according to the
formula: DBP + (SBP-DBP)/3), blood was drawn in
ethylenediaminetetraacetic acid (EDTA) and lithium heparin-
coated monovettes for collection of plasma and peripheral blood
mononuclear cells (PBMCs), and saliva samples were collected
for determination of cortisol concentration and microbiome
analysis (for details see next section), respectively. After the 5
blood draw (90 min time point), STAI-S was used again to assess
subjective strain induced by the TSST procedure. After the 6™
blood draw (120 min) the catheter was removed and mental
health status [Hospital Anxiety and Depression Scale - German
Version, HADS-D; SCID-I (affective part)], early life (Childhood
Experience of Care and Abuse Questionnaire, CECA-Q;
Childhood Trauma Questionnaire, CTQ), and perceived life
stress (Perceived Stress Scale-4, PSS-4) were assessed using
validated questionnaires.

TSST

Acute psychosocial stress was induced using the TSST. For a
detailed description of the testing procedure, see (8).

Blood Pressure and Heart Rate

BP and heart rate of the participants were determined at time
points -5, 5, 15, 60, 90, and 120 min. For details, see (8). As
TSST-induced changes in MAP in the original study (8) were
most pronounced between time point 1 (baseline; -5 min) and 3
(+15 min), we used the respective area under the curve with
respect to the ground (AUC) to compare urban participants who
grew up with absolutely no animal contact with urban
participants who grew up with occasional animal contact
(Figure 3) in the present study.

Blood Draw

Blood was drawn as previously described (8). Briefly, blood (7.5
ml at each time point) was collected from an indwelling venous
catheter in the non-dominant arm (inserted at -60 min) at time
points -5 (5 min before the start of the TSST), 5 (5 min after
termination of the TSST), 15, 60, 90, and 120 min into chilled
EDTA-coated monovettes. Additionally, 9 ml of blood were
collected at each time point into lithium-heparin-coated
monovettes. For details about the processing of the blood
samples, see (8).

PBMC Isolation

For a detailed description of the procedure, see (8). Briefly, nine
ml blood were transferred from lithium-heparin-coated
monovettes into Leucosep™ tubes (Greiner Bio-One GmbH,
Frickenhausen, Germany), which were prepared beforehand
with Ficoll® Paque (GE Healthcare Life Sciences, Freiburg,
Germany) according to the manufacturer's instructions. The
number of viable PBMCs was determined using an automated
cell counter. As TSST-induced differences in blood PBMC counts
between urban and rural participants in the original study (8)
were most pronounced between time point 1 (baseline; -5 min)
and 3 (+15 min), we used the respective AUC to compare urban
participants who grew up with absolutely no animal contact with
urban participants with who grew up with occasional animal
contact (Figure 3) in the present study.

Enzyme-Linked Immunosorbent Assay
(ELISA)

Plasma samples and supernatants from PBMC stimulations were
analyzed using commercially available ELISA kits according to
the manufacturers' instructions. In detail, plasma samples were
analysed for IL-6 (Quantikine HS ELISA; R&D Systems Europe,
Wiesbaden, Germany), and cortisol (IBL International,
Hamburg, Germany). As TSST-induced changes in plasma
cortisol in the original study (8) were most pronounced
between time point 1 (baseline; -5 min) and 3 (+15 min), we
used the respective AUC to compare urban participants who
grew up with absolutely no animal contact with urban
participants who grew up with occasional animal contact
(Figure 3) in the present study. Accordingly, we calculated
AUC between time point 5 (90 min) and 6 (120 min) for
plasma IL-6 levels in the current study to compare urban
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participants who grew up with absolutely no animal contact with
urban participants who grew up with occasional animal contact
(Figure 3), as TSST-induced differences between urban and rural
participants in plasma IL-6 levels were only detectable at these
late stages.

Collection and Preparation of Salivary
Samples

Salivary samples were collected at the -5, 5, 15, 60, 90, and 120
min time points. For salivary sample collection, a salivette® (Cat.
No. 51.1534.500; Sarstedt, Nuernberg, Germany) was used. In
detail, each participant was advised to chew a salivette® swab
thoroughly for approximately one minute at each time point,
then to spit the swab into a sterile tube. Subsequently, samples
were centrifuged (1,000 g, 2 min, RT) and stored at —-80°C until
further processing. For microbiome analysis, salivary samples
taken at the -5 min time point were used. 100 pl of saliva was
used for the DNA extraction. DNA was extracted using the
PowerSoil DNA extraction kit (Cat No. 12888-100 & 12955-4,
MoBio Laboratories, Carlsbad, CA, USA) according to the
manufacturer's instructions. Marker genes in isolated DNA
were PCR-amplified using HotStarTaq Master Mix (Cat No.
203433, Qiagen, Valencia, CA, USA) and the 515 F (5'-
GTGCCAGCMGCCGCGGTAA-3")/806 R (5'-
GGACTACHVGGGTWTCTAAT-3") primer pair (Integrated
DNA Technologies, Coralville, IA, USA) targeting the V4
hypervariable region of the 16S rRNA gene modified with a
unique 12-base sequence identifier for each sample and the
Mlumina adapter, as previously described (15). The thermal
cycling program consisted of an initial step at 94°C for 3 min
followed by 35 cycles (94°C for 45 sec, 55°C for 1 min, and 72°C
for 1.5 min), and a final extension at 72°C for 10 min. PCR
reactions were run in duplicate and the products from the
duplicate reactions were pooled and visualized on an agarose
gel to ensure successful amplification. PCR products were
cleaned and normalized using a SequalPrep Normalization Kit
(Cat. No. A1051001, ThermoFisher, Waltham, MA, USA)
following manufacturer's instructions. The normalized
amplicon pool was sequenced on an Illumina MiSeq run using
V3 chemistry, 600 cycles, and 2 x 300-bp paired-end sequencing.
All sequencing and library preparation were conducted at the
University of Colorado Boulder BioFrontiers Next-Gen
Sequencing core facility.

Microbiome Analysis

Microbiome bioinformatics were performed with QIIME2-
2019.7 (http://qiime2.org) (16, 17). Briefly, raw sequence data
were demultiplexed and quality filtered using the q2-demux
plugin followed by denoising with DADA2 via q2-dada2 (18)
to identify all observed amplicon sequence variants (ASVs) [i.e.,
100% operational taxonomic units (OTUs)]. All ASVs were
aligned with mafft (19) (via q2-alignment) and used to
construct a phylogeny with fasttree2 (20) (via q2-phylogeny).
Alpha-diversity metrics [observed OTUs, Faith's Phylogenetic
Diversity (21), and Shannon diversity index], and beta diversity
metrics [weighted UniFrac (22), unweighted UniFrac (23)] were

estimated using q2-diversity after samples were rarefied (ie.,
subsampled without replacement). A total of 9,280 sequences per
sample were chosen as our rarefaction depth to retain all paired
samples, as samples with fewer sequences than the rarefaction
depth are excluded from downstream diversity analyses. PCoA
plots were generated using the weighted UniFrac distance matrix
in R Studiol.2.1335 [RStudio Team (2018). RStudio: Integrated
Development for R. RStudio, Inc., Boston, MA URL http://www.
rstudio.com/] and Phyloseq package 1.28.0 (24). The
differentially abundant features between saliva samples of
participants with or without animal contact until their 15"
birthday were determined through the analysis of composition
of microbiomes (ANCOM) pipeline (25). The microbiome data
assessed in the present study are available in the NCBI SRA
public repository (accession number: PRINA606354).

Statistics

Significant differences in alpha diversity were calculated using
the non-parametric Kruskal-Wallis ANOVA on ranks test (26);
two-tailed p values < 0.05 were considered as statistically
significant. Differences in beta diversity were calculated using a
generalized UniFrac distance model (27). PERMANOVA pseudo
p values < 0.05 were considered statistically different. For
statistical analysis and graphical illustration of the area under
the curve with respect to the ground (AUC) data, the software
package Prism (version 8) was used. Raw data sets used for AUC
calculation were already corrected for outliers (28) and thus
identical to our previously published study (8). Within AUC
datasets, Kolmogorov-Smirnov test using Lilliefors' significance
was employed to test normal distribution of all acquired data
sets. Normally distributed data sets were subsequently analyzed
using parametric statistics (Student's t-test). Non-normally
distributed data sets were analyzed using non-parametric
statistics [Mann-Whitney U test (MWU)]. Normally
distributed data are presented as bars (mean + SEM). Non-
normally distributed data are presented as box plots (median;
min, max, 25" and 75" percentile). The two-tailed level of
significance was set at p < 0.05.

RESULTS

Salivary Microbial o- and/or B-Diversity
Does Not Differ Between Participants
Raised in Rural Areas in the Presence of
Daily Contact With Farm Animals
Compared With Participants Raised in
Urban Areas in the Absence of Daily
Animal Contact in Adulthood

Statistical analysis using Kruskal-Wallis-H-Test (KWH)
revealed no significant difference in the o-diversity of the
salivary microbiome as measured by Shannon diversity index
between participants raised in urban areas without daily
animal contact with animals vs. participants raised in rural
areas in the presence of daily contact with farm animals
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FIGURE 1 | Alpha and beta diversity analysis of the salivary microbiome composition for participants raised in urban areas in the absence of daily animal contact
compared to individuals raised in rural areas in the presence of daily contact with farm animals. (A) Shannon diversity index representing richness and evenness
within samples was not significantly different between urban (n = 20) and rural (n = 20) populations (Kruskal-Wallis, p = 0.935). Solid line represents the median.
Lower box indicates 25th, upper box indicates 75th percentile. 10th and 90th percentile are indicated by lower and upper error bar, respectively. (B) Weighted
UniFrac principal coordinates analysis (PCoA) plot represents beta diversity as phylogenetic distances among samples for both urban (turquoise; n = 20) and rural
(orange; n = 20) populations. PCoA axes 1 and 2 explain 5.7 and 5.3% of the variation, respectively.

(p = 0.935; Figure 1A). Consistent with the results observed
with Shannon index, the analysis of Faith's Phylogenetic
Diversity and observed OTUs alpha diversity indexes
displayed no differences between urban and rural groups
(Faith's PD, p = 0.999; observed OTUs, p = 0.840). There
was also no association between salivary B-diversity and the
factor urban-rural upbringing (pseudo-F = 0.635; p = 0.908).
The latter is visualized using a weighted UniFrac principal
component analysis (PCoA) plot presenting phylogenetic
distances among all of the samples (Figure 1B).

Growing Up With Absolutely No Animal
Contact Until the 15" Birthday Affects
Salivary B-Diversity in Adulthood

The microbial B-diversity in “urban” participants raised with
absolutely no animal contact until the 15" birthday (n = 5) was
significantly increased compared with participants reporting
either occasional (n = 15) or daily (n = 20) animal contact
during upbringing. This is indicated by a PERMANOVA
analysis (pseudo-F = 1.988; p = 0.038; Figure 2A) calculating
the distances of each sample to all samples with a minimum of

Animal contact until 15" birthday

respectively. *o < 0.05.

A B

Weighted Unifrac 0:2 1
o 024
o ¥ ]
> 020 x 01
) | ®

w
g o8 ~ 00"
C
G012 3
L
0 o.08 . 0.1
o 3
s s il 02

Upbringing

4 Urban

@ Rural
Animal contact

® Yes
No

02 -01 00 0.1
Axis 1 [5.7%]

FIGURE 2 | Beta diversity analysis of salivary microbiome composition for participants with absolutely no animal contact compared to participants that were at
minimum exposed to occasional animal contact until the 15™ birthday, respectively. (A) Analysis of beta diversity using weighted-UniFrac distance metrics revealed
differences in the microbial community structure of participants with no animal contact at all (red, n = 5) compared to participants with at least occasional animal
contact until the 15™ birthday (blue, n = 35), respectively. Distances to subjects with animal contact (Yes = animal contact; No = No animal contact) are represented
by a PERMANOVA analysis with a total of 999 permutations, pseudo-F = 1.988, p = 0.038. Solid line represents the median. Lower box indicates 25th, upper box
indicates 75th percentile. 10th and 90th percentile are indicated by lower and upper error bar, respectively. (B) Weighted-UniFrac principal coordinates analysis
(PCoA) plot shows participants raised in rural areas in the presence of daily contact with farm animals (circles; n = 20) and participants raised in urban areas in the
absence of daily animal contact (triangles; n = 20). Participants were further subdivided into the groups with “absolutely no animal contact until the 15" birthday”
(orange, n = 5) or “occasional to daily animal contact until the 15 birthday” (turquoise, n = 35). PCoA axes 1 and 2 explain 5.7 and 5.3% of the variation,
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FIGURE 3 | Analysis of Trier Social Stress Test (TSST)-induced alterations on immunological and physiological parameters between urban participants growing up
with no animal contact at all vs. urban participants growing up with “occasional” animal contact until the 15 birthday, respectively. (A) Timeline of the experimental
procedure. At —-60 min time point, the venous catheter as well as the blood pressure and heart rate monitor were placed. Before (-6 min) and after (5, 15, 60, 90,
and 120 min) the TSST, different immunological and physiological parameters where assessed. (B) Area under the curve with respect to ground (AUC) analysis
indicates that urban participants growing up with no animal contact at all (n = 5) vs. urban subjects growing up with “occasional” animal contact until the 15™
birthday (n = 15), respectively showed significantly higher counts of plasma peripheral blood mononuclear cells (PBMCs) between time point 1 and 3. This effect was
also by trend visible in plasma interleukin (IL)-6 levels between time point 5 and 6 (E). There were no significant differences between both groups in the AUC between
time point 1 and 3 of plasma cortisol levels (C) and the mean arterial pressure (MAP; D), respectively. Normally distributed data are presented as bars (mean + SEM).
Non-normally distributed data are presented as box plots (Median, min, max, 25" and 75" percentile) **p < 0.001.

“occasional” animal contact. The latter is further visualized by a
weighted-UniFrac PCoA Plot showing the calculated distances
between all samples assessed (Figure 2B).

Urban Participants Growing Up With
Absolutely No Animal Contact Showed an
Increased TSST-Induced Inflammatory
Response Compared With Urban
Participants Growing Up With Occasional
Animal Contact

Statistical analysis revealed that urban participants reporting
absolutely no animal contact during their first 15 years of life
showed a significantly greater stress-induced increase in blood
PBMC counts between time point 1 (baseline; -5 min) and 3
(+15 min) (AUGC; p < 0.001; MWU; Figures 3A, B) than did
respective urban participants reporting occasional animal
contact. A comparable effect was also by trend detectable in
plasma IL-6 levels between time point 5 (+90 min) and 6 (+120
min) (AUG; p = 0.08; MWU, Figures 3A, E). No significant
differences between these two groups were found in plasma
cortisol levels (AUC; Figures 3A, C) and MAP (AUC; Figures
3A, D), both assessed between time point 1 and 3.

DISCUSSION

In the present study, we showed that urban upbringing in the
absence of pets compared to rural upbringing in the presence of
farm animals is not associated with specific patterns in the o.- or
B-diversity of the salivary microbiome. In contrast, we were able

to reveal that the salivary microbial B-diversity is significantly
different in individuals with no animal contact at all compared to
all other participants with at least occasional animal contact until
the age of 15, respectively—a finding that was further associated
with a more pronounced immune activation within the group of
urban participants following acute psychosocial stressor
exposure induced by the TSST.

In line with the hypothesis that an overreactive immune
system is causally involved in the pathogenesis (29, 30) and
increased prevalence (3-5) of stress-associated disorders in
urban vs. rural environments, we recently showed that healthy
male individuals raised in urban areas without daily animal
contact vs. individuals raised in rural areas in the presence of
daily contact with farm animals respond with increased systemic
immune activation towards the TSST (8), a standardized
laboratory stressor in humans (11). Given that a modern urban
lifestyle is associated with less contact to biodiversity (31), and
that a reduced exposure to microbial antigens (32, 33) and
immunoregulatory “Old Friends” microorganisms (6, 7, 34,
35), especially during early life (36), promotes development of
inflammatory disorders later in life (37, 38), a role of the human
microbiome in the accumulation (4, 39) of stress-associated
disorders in urban vs. rural environments is very likely.
Surprisingly and against our hypothesis, neither o- nor B-
diversity measures were significantly different between the two
experimental groups in the present study, suggesting the
composition of the salivary microbiome in adulthood is not a
reliable marker of the environment that an individual was raised
in. A possible reason for this finding might be that differences in
the salivary microbial composition between “urban” and “rural”
individuals at a young age are just not surviving into an
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individual's adulthood. In support of this hypothesis, the mouth
cavity is a rapidly changing environment for bacteria, affected by
diet and sanitation (40), the currently prevailing environment,
and host age (12, 41). In line with this possibility, C-section-
induced differences in gut microbial composition are only
present throughout the neonatal period, but largely disappear
within the first years (42).

As the overall extent of animal contact during upbringing has
been shown recently to affect the composition of the human gut
microbiome (43, 44), we investigated in a next step if the salivary
microbial diversity in adulthood is different between participants
who reported absolutely no contact with pets compared to
participants who reported occasional or daily contact with pets
or farm animals. Notably, whereas the main criterion for rural
participants (n = 20) to be included into the study was to have
had daily contact with farm animals until the age of 15, urban
participants (n = 20) were included when indicating either no
animal contact at all or occasional animal contact until their 15™
birthday. Interestingly, and in support of the above-reported
hypothesis, comparing participants with no animal contact at all
(n = 5; exclusively urban participants) to participants exposed to
occasional (n = 15; urban participants) or daily (n = 20; rural
participants) animal contact until the age of 15 (overall n = 35),
respectively, revealed a significant difference in B-diversity of the
salivary microbiome, indicating that, in contrast to the
environment that an individual is brought up in, the extent of
animal contact during childhood potentially has long-lasting
effects on an individual's salivary microbiome. Our finding that
microbial B-diversity was significantly higher in urban
participants reporting absolutely no animal contact until the
age of 15 years compared to all other participants reporting
either daily contact to farm animals (rural) or occasional pet
contact (urban) is in line with the fact that Westernization has
been consistently associated with lower o-diversity but higher -
diversity (9). As microbiome alterations associated with
Westernization are hypothesized to be mainly driven by
dispersal limitation in combination with high inter-individual
differences in selective environments, our findings suggest that a
reduction in animal contact might be at least one factor
contributing to the overall dispersal limitation in Western
societies and the consequently increased risk to develop non-
communicable diseases (9).

Of particular interest in the context of these results is a study
showing that living on single-family dairy farms with regular
contact with farm animals in Amish farm children goes along
with a lower asthma and allergy risk and innate immune system
activation compared to living on highly industrialized farms with
little contact with farm animals in Hutterite farm children (38).
In accordance with these findings, other studies revealed that
early exposure to both pets and farm animals reduces the risk of
childhood asthma and other inflammatory disorders (45, 46).
Strikingly, comparing TSST-induced changes in blood PBMC
counts at the initial phase of stress [urban vs. rural differences
were most pronounced between time point 1-3 (8)] and plasma
IL-6 levels at the late phase [urban vs. rural differences were most

pronounced between time point 5-6 (8)] between urban
individuals with absolutely no animal contact vs. occasional
animal contact during upbringing, revealed that the former
showed a significantly greater stress-induced increase in blood
PBMC counts and by trend increased plasma IL-6 levels, both
quantified as area under the curve between respective time
points. In contrast to the effects on stress-induced immune
activation and in contrast to the hypothesis that increased
hypothalamic-pituitary-adrenal (HPA) axis activity is
associated with the development of stress-related psychiatric
disorders (47), the overall animal contact during upbringing
did not affect TSST-reactivity of the HPA axis and the
cardiovascular system. This was indicated by comparable
stress-induced increases in plasma cortisol levels and mean
arterial pressure at the initial phase after TSST between urban
participants raised with no vs. occasional animal contact,
respectively. However, given that these parameters were also
comparable between rural vs. urban participants raised in the
presence or absence of animals, respectively (8), an exaggerated
HPA axis and sympathetic nervous system activity seem to only
play a minor role in mediating the increased prevalence of stress-
associated disorders in urban vs. rural environments.

Nevertheless, our study has some limitations that have to be
taken into consideration. One limitation in the current study is
that the sample size in the urban group raised without any pet
contact is small, clearly indicating the rather preliminary
character of our findings and the need for confirmation in
adequately powered future studies. Of note, statistical analysis
employing partial least squares discriminant analysis (PLSDA) as
a supervised learning approach (48, 49) did not reveal that the
salivary microbiome was predictive of urban status with or
without animal contact. However, as discerning subtle
variations in community configurations along the pet-contact/
urban or rural living categories would add important
mechanistic knowledge on the involved bacterial species
mediating these beneficial long-term effects of animal contact,
these type of analyses should be repeated employing larger
cohorts of participants. Additional limitations are that we did
not take into account possible differences in participants’ mode
of delivery at birth, antibiotic usage during the first years of life,
feeding of formula milk as a replacement for breast milk, or
exposure to kindergarten, which are all known to affect the
composition of the microbiome (38, 50-52).

Together with our previous work (8), the results of the present
study suggest that the complete absence of animal contact in
early life during urban upbringing promotes life-long differences
in the composition of the salivary microbiome and potentiates
the negative consequences of urban vs. rural upbringing on
stress-induced immune activation. As urban participants in the
present study reporting animal contact were only included if this
contact was occasional and not daily, we are convinced that
future studies comparing urban participants raised in the
absolute absence vs. daily presence of pets will reveal even
more prominent differences in TSST-induced immune
activation between the groups.
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Tuft cells are rare chemosensory sentinels found in the gut epithelium. When triggered by
helminth infection, tuft cells secrete interleukin-25 (IL-25) basolaterally and subsequently
evoke an immune response. lIrritable bowel syndrome (IBS) is a common and
heterogeneous disorder characterized by bowel dysfunction and visceral pain
sensitivity. Dysfunctional gut-brain communication and immune activation contribute to
the pathophysiology of this disorder. The study aims were to investigate changes in tuft
cell density in non-post-infectious IBS patients. Immunofluorescent labeling of DCLK1-
positive tuft cells was carried out in mucosal biopsies from the distal colons of diarrhea and
constipation-predominant IBS patients and healthy controls. Tuft cell numbers were also
assessed in animal models. Concentrations of interleukin-25 (IL-25) secreted from colonic
biopsies and in plasma samples were analyzed using an immunoassay. The density of tuft
cells was increased in diarrhea—but not constipation-predominant IBS patient colonic
biopsies. Biopsy secretions and plasma concentrations of IL-25 were elevated in diarrhea
—but not constipation-predominant IBS participants. Tuft cell hyperplasia was detected
in a rat model of IBS but not in mice exposed to chronic stress. Tuft cell hyperplasia is an
innate immune response to helminth exposure. However, the patients with diarrhea-
predominant IBS have not reported any incidents of enteric infection. Moreover, rats
exhibiting IBS-like symptoms displayed increased tuft cell density but were not exposed to
helminths. Our findings suggest that factors other than helminth exposure or chronic
stress lead to tuft cell hyperplasia in IBS colonic biopsies.

Keywords: interleukin-25, irritable bowel syndrome, helminths, Wistar Kyoto, brush cells, Doublecortin Linked
Kinase-1, DCAMKLA1, chronic stress

INTRODUCTION

Tuft cells are rare differentiated epithelial cells, anatomically and functionally distinct from other border
cells in the gastrointestinal (GI) tract (1). Characterized by long, blunt microvilli, pear-shaped tuft cells
are scattered along the crypt-villus axis (2). Uniquely, they express a microtubule linked protein known
as Doublecortin Linked Kinase-1 (3) (DCLK1, also known as DCAMKI1 (4)] and contain axial bundles
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of actin filaments supporting the microvilli (5, 6). The
chemosensory activity and intimate physical contact between tuft
cells and enteric nerves (7, 8) suggests a role in regulating gut
motility and absorpto-secretory function. Tuft cells could also act as
cross-epithelial signal transducers (8), informing the host nervous
system of changes in the luminal environment. Parasitic infections,
in particular (9), uniquely stimulate release of immune cytokines,
such as interleukin (IL)-25 (also known as IL-17E), from tuft cells
(10-12). IL-25, in turn, induces secretion of IL-13 from stromal
group 2 innate lymphoid cells (ILC2), which promote release of IgE,
eosinophilia, goblet cell hyperplasia (13) and, in a feed forward
circuit, tuft cell hyperplasia (14).

Irritable bowel syndrome (IBS), a prevalent, chronic and
heterogeneous functional bowel disorder, is characterized by
abdominal pain, bloating and altered bowel motility (15).
Prevalence of IBS is ~7-18% of the worldwide population (16),
and this includes a subset referred to as post-infectious IBS (PI-
IBS) patients, who develop intestinal dysfunction following
infectious enteritis (17). Indeed, prior GI infection is a strong
predictor of developing IBS (18), with one in ten patients
believing their IBS symptoms emerged subsequent to an
infectious illness (17). Infection with protozoans as opposed to
bacteria conferred a greater risk of developing IBS following
resolution of the infection (19).

Although it is plausible that tuft cell numbers could be
elevated in patients with PI-IBS, the majority of IBS patients
do not report prior GI infection. Rather, a significant proportion
of these patients, who may be sub-categorized with diarrhea
(IBS-D), constipation (IBS-C) or alternating subtypes of IBS,
experience co-morbid anxiety and depressive disorders (20).
Thus, it is generally accepted that dysfunction of the bi-
directional gut-brain axis underlies symptoms in these patient
groups. This study aims to quantify expression of tuft cells in
colonic samples from IBS patients who have not, to their
knowledge, had prior intestinal enteritis. Tuft cell density was
assessed in non-PI IBS patients, in a stress-sensitive rat model of
IBS and in mice exposed to a chronic stressor to determine if
stimuli other than exposure to parasites contributes to
IBS pathophysiology.

MATERIALS AND METHODS
Ethical Approval

The protocol for collecting biopsies and blood samples from IBS
patients and healthy control volunteers was approved by the
University College Cork Clinical Research Ethics Committee
(ECM 4 (r) 010316) and was carried out in the Mater Private
Hospital, Cork. Informed consent was obtained from
all participants.

Experiments using animal tissue were all in full accordance
with the principles of the European Community Council
Directive (86/609/EEC) as well as the local University College
Cork animal ethical committee (#2011/015).

Human Colon Biopsy and Plasma
Collection

Patients attending the General Surgery Clinic at the Mater Private
Hospital, Cork, Ireland were recruited for the study. Males and
females aged between 18 and 65 years of age and able to provide
written informed consent were enrolled. Inclusion criteria for IBS
patients included confirmed clinical diagnosis of IBS that satisfied
Rome III criteria for IBS. No PI-IBS patients were included in this
study. Biopsies from age and weight-matched healthy controls were
taken from patients undergoing routine colonoscopies that were in
good health and negative for bowel disease. Exclusion criteria for
participation included acute or chronic co-existing illness, recent
unexplained bleeding or prior GI surgery (apart from hernia repair
and appendectomy), coeliac or other GI disease, psychiatric disease,
immunodeficiency, bleeding disorder, coagulopathy, a malignant
disease or any concomitant end-stage organ disease. Subjects were
also excluded if they were taking any experimental drugs or if the
subject had taken part in an experimental trial less than 30 days
prior to this study. Mucosal biopsies from the distal colon were
taken from fasting patients at the same time as obtaining a matched
serum sample. Samples were assigned a study number, with the key
held only by the treating surgeon, so as to preserve patient
confidentiality in accordance with the study protocol. The
secretory products from biopsies incubated in Dubellco's
Modified Eagle Medium (Sigma Aldrich, UK, overnight, 37°C)
were used to measure local tissue concentration of interleukin-25
(IL-25)/hu-17E. Mucosal biopsies were subsequently fixed
overnight in 4% paraformaldehyde at 4°C, cryoprotected in 30%
sucrose and stored at —80°C for immunofluorescent staining.

Animals and Tissue Collecting

Male Sprague Dawley (SD) and Wistar Kyoto (WKY) rats, > 8
weeks of age, were purchased from Envigo, Derbyshire, UK.
Given that hormonal cycles in the female are associated with
exacerbation of IBS-like symptoms, we used male rodents in this
study such that the additional complexity of changing female
hormone levels was not a factor in the studies. The Animals were
group-housed four per cage and maintained on a 12/12-hour
dark-light cycle with a room temperature of 22 + 1°C with food
and water ad libitum. Rats were euthanized by CO, overdose and
perforation of the diaphragm.

Male adult mice (C57Bl/6], The Jackson Laboratory, Maine,
US) were bred in-house (Biological Service Unit, University
College Cork, Ireland). Prior to social defeat sessions (~1 week)
mice were singly housed. Singly-housed adult male CD1 mice
(Envigo, UK) were used as aggressors for the chronic social defeat
stress procedure. Mice were maintained on a 12/12-hour dark-
light cycle with a room temperature of 22 + 1°C with food and
water ad libitum. Mice were sacrificed by cervical decapitation.

Chronic social defeat stress in these mice has been previously
described (21). In brief, mice assigned to the chronic social defeat
stress group underwent 10 consecutive days of stress. The same
researcher carried out all interventions. All defeat sessions were
carried out in the mornings during the light cycle. CD1 aggressor
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mice were selected based on the shortest latency to attack
another CD1 mouse. Test mice were subjected to a different
CD1 aggressor mouse each day over the study period. Exposure
of the test mouse to the aggressive CD1 mouse lasted until the
first attack, expression of submissive posturing or until 5 min had
passed, whichever happened first. The test and CD1 aggressor
mice were then separated by a perforated transparent barrier for
2 h. The separator was subsequently removed and, after another
defeat, mice were transferred back to their home-cage. Control
mice were handled but remained in their home-cages over the
course of the stress.

The distal colon (< 4 cm from anus) from both rats and mice
were isolated and placed in ice-cold 95% O,/5% CO, bubbled
Krebs saline solution consisting of (in mmol/L) NaCl, 117; KCl,
4.8; CaCl,, 2.5; MgCl,, 1.2; NaHCO3, 25; NaH,PO,, 1.2; and D-
glucose, 11. Colonic samples were fixed in 4% paraformaldehyde
at 4°C overnight. The samples were then cryoprotected in 30%
sucrose and snap frozen at —80°C.

Mesoscale Discovery Biomarker Assay

An immunoassay (U-PLEX Human IL-17E/IL-25 Assay,
MesoScale Discovery, Gaithersburg, MD, USA) was carried out
to determine the concentration of IL-17E/IL-25 in plasma and
supernatant samples of IBS patients and healthy control samples
(dynamic range: 0.58-9,200 pg/ml). The assay was run in triplicate
and an electrochemiluminescent detection method was used to
measure protein levels in the samples. The plates were read using
MesoScale Discovery plate-reader (MESO QuickPlex SQ 120). A
calibration curve was generated using standards, and cytokine
concentrations were determined from the curve.

Immunofluorescence and Confocal
Microscopy

Cross-sections of rat and mouse distal colon and human distal
colonic biopsies, fixed in 4% paraformaldehyde (4°C, overnight),
were cryo-sectioned (10 pum in thickness, Leica Biosystems,
Wetzler, Germany) and mounted on glass slides (VWR,
Dublin 15, Ireland). Rodent cross-sections or human mucosal
biopsies were permeabilized with 0.1% Triton X-100 and blocked
with 1% donkey serum (Sigma Aldrich, UK). Colonic tissue was
immunolabeled with anti-DCLK1 (1:100, overnight at 4°C, anti-
DCAMKLLI polyclonal rabbit antibody, Abcam, Cambridge, UK)
and a complimentary TRITC-conjugated fluorophore (1:250, 2 h
at room temperature, Jackson ImmunoResearch Europe Ltd,,
Cambridgeshire, UK). This primary antibody recognizes a
protein of the predicted size and is blocked by using a
DCAMKLI peptide (22). No non-specific fluorescence was
detected in control experiments where tissues were incubated
with anti-DCLK1 in the absence of secondary antibodies or
secondary antibodies alone. As tuft cells have a unique
arrangement of cytoskeletal components, colonic samples were
co-stained with a cytoskeletal marker, Phalloidin-iFluor 488-
Cytopainter (1:1,000, Abcam, Cambridge, UK), which was
prepared in 1% bovine serum albumin in phosphate buffered
saline solution (PBS, (in mM): NaCl 137, KCI 2.7 and Na,HPO,

10 at pH 7.4). Tissue sections were mounted using Dako-
fluorescent mounting medium containing DAPI (Agilent
Pathology Solutions Santa Clara, California, USA) and a
coverslip placed over all tissue. Images were captured using a
FVI10i-Olympus-confocal microscope with Fluoview software
(FV10i-SW, Olympus Europe, Hamburg, Germany). At least
three different biopsy slices from six different participants per
group were compared in the human study. In the animal studies,
at least three different cross-section slices from three different
animals per group were compared. Analysis was carried out
independently by two different researchers and the mean
number of cells from each was calculated.

Statistical Analyses

Data was analyzed using GraphPad prism for windows (version
7). Data were plotted as box and whisker plots with 95%
confidence intervals. Data were compared using paired two-
tailed Student's tests or One-way or repeated measures ANOVA
with Tukey post-hoc test, as appropriate. P values of <0.05 were
considered significant.

RESULTS

Tuft Cell Density Is Elevated in IBS-D
Patient Biopsies

Samples from healthy controls (HC, n = 6 (three males, three
females)) were compared with samples from diarrhea-
predominant (IBS-D, n = 6 (one male, five females)) and
constipation-predominant (IBS-C, n = 6, (two males, four
females)) participants. HC and patient participants were
similar in terms of ethnicity (all Caucasian), age—(44.7 + 4.56
(HCs) versus 40 + 3.91 (IBS) years, p >0.05) and weight—(72.9 +
13.95 (HCs) versus 71.83 + 10.97 (IBS) kg, p >0.05).
Gastrointestinal symptoms, such as bloating, abdominal pain
and altered bowel habit were consistent with their categorization
into the appropriate IBS subtype, as determined by Rome III
criteria for diagnosing IBS. Mood disorders were reported in one
IBS-D (depression), two IBS-C (depression and/or anxiety) but
no HC participants.

Triple-labeling of human colonic biopsies with an antibody
against the gastrointestinal tuft cell marker, doublecortin-like
kinase 1 protein (DCLKI, red staining) (23), a cytoskeletal
marker (green staining) and the nuclear stain, DAP], facilitated
counting of tuft cells as a percentage of total DAPI-labeled
epithelial cells in the visual field. The total number of DAPI-
labeled cells in biopsies (n = 5 sections from five biopsies) from
HCs (476.7 + 83.3), IBS-D (383.1 + 17.47) and IBS-C (447.4 +
60.23) were comparable (p = 0.31, one-way ANOVA F(2, 12) =
1.293). Labeled tuft cells in human biopsies displayed classic
pear-shaped morphology (2) with a large central nucleus and
strong Phalloidin-labeled cytoskeletal filaments (Figure 1A). The
density of tuft cells in IBS-C biopsies (n = 18 sections from six
biopsies) was not different to HC biopsies (p >0.05, n = 18
sections from six biopsies, Figure 1A). However, the prevalence
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of tuft cells in IBS-D biopsies (n = 18 sections from six biopsies)
was elevated as compared to HC samples (p <0.05, Figure 1A).

Biopsy Secretion of IL-25/hu-17E Is
Elevated in IBS-D Samples

As activated tuft cells secrete IL-25 (10), we examined IL-25/hu-
17E levels both in local secretions from human biopsies and in
the matching plasma samples. IL-25/hu-17E was detected at sub-
picomolar concentrations in supernatants from HC biopsies
(n = 6) and concentrations were similar in IBS-C patient
supernatants (n = 6, p >0.05). However, the concentration of
secreted IL-25/hu-17E was elevated in IBS-D supernatants
(n = 6, p <0.01, F(2,15) = 7.343, Figure 1B). Plasma
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Plasma
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o
Z
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w
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0
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FIGURE 1 | Tuft cell density and IL-25 secretion is elevated in IBS-D colonic mucosa. (A) The representative immunofluorescent images and box and whisker plots

of pooled data illustrate the density of DCLK1-labeled tuft cells as a percentage of the total DAPI-stained epithelial cells in mucosal biopsies from healthy patients and
patients with constipation- (IBS-C) or diarrhea-predominant (IBS-D) IBS. Scalebar: 50 pm. (B) The pooled data shows that colonic biopsies and (C) plasma samples

from human IBS-D patients secrete more IL-25 than other groups. * and ** indicate p <0.05 and p <0.01, respectively.

concentrations of IL-25/hu-17E were also increased in IBS-D
samples (p = 0.02, F(2,14) = 5.36, Figure 1C).

Circulating Concentrations of IL-6 and IL-8
Are Altered in IBS Patients

Other inflammatory cytokines, such as IL-6 and IL-8 are reported to
be elevated in IBS patients (24, 25). Thus, to confirm the findings
from the previous studies, IL-6 was initially compared between
plasma from HCs and pooled samples from both IBS-D and IBS-C.
We found that circulating IL-6 was elevated in IBS patients (0.976 +
0.17 pg ml™") as compared to HCs (0.398 + 0.15 pg ml™", p = 0.06,
Student's t-test). When examined by subtype, circulating IL-6 was
elevated in IBS-D (1.343 + 0.35 pg ml™, p = 0.04)) but not IBS-C
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(0.75 £ 0.06 pg ml™") as compared to HC samples (0.504 + 0.16 pg
ml™, one-way ANOVA F(2,11) = 4.338). Circulating IL-8
concentrations were elevated in pooled IBS plasma samples
(1227 + 1.06 pg ml™") as compared to HC samples (6.514 + 0.51
pg ml™', Student's t-test, p = 0.004). However, when examined
individually, IL-8 in IBS-C samples (13.44 + 1.62 pg ml ", p = 0.009)
but not in IBS-D samples (11.1 + 1.3 pg ml™"), was elevated by
comparison to HC samples (6.5 + 0.51 pg ml™', one-way ANOVA F
(2,14) = 6.799). IL-6 concentrations in secretions from colonic
biopsies were not different between HCs (57.87 + 23.6 pgml ), IBS-D
(40.16+11.45pgml ") or IBS-C (28.8 + 7.7 pgml ™', one-way ANOVA
F(2,14) = 0.86, p = 0.45) patients. Secretion of IL-8 from colonic
biopsies was also similar in supernatants from HCs (2617 + 1197
pg ml™) and individuals with IBS-D (926.7 + 358 pg ml™) and
IBS-C(1570+571 pgml’l,one—wayANOVA F(2,15)=1.31,p=0.304).

Colonic Tuft Cell Density Is Elevated in
Stress-Sensitive Wistar Kyoto Rats
Immunofluorescence and confocal microscopy were used to
determine the presence and prevalence of tuft cells in the
colons of IBS-like Wistar Kyoto (WKY) rats as compared to
Sprague Dawley (SD) controls. Triple-labeling with DAPI, anti-
DCLKI (red staining) and a cytoskeletal marker (green labeling)
was carried out on colonic cross-sections from SD and WKY rats
to determine the density of tuft cells in each rat strain. DCLK1-
labeled tuft cells were readily identifiable in cross-sections of
both SD and WKY colons (Figure 2, red staining, tuft cells
indicated by arrows). However, in contrast to tuft cells in human
colonic mucosa, rat DCLK1-labeled tuft cells did not strongly
express phalloidin-labeled cytoskeletal proteins. They did
however, exhibit similar flask shaped morphology (Figure 2).
The overall number of DAPI-labeled cells was comparable

between SD (197.7 + 49.3, n = 3) and WKY (219.3 + 22.7,n = 3,
p >0.05, Student's t-test) rats. However, the number of tuft cells
in WKY rats (n = nine slices from three rats) was increased as
compared to SD controls (n = nine slices from three rats; p <0.05,
Student's t-test, Figure 2).

Tuft Cell Density Does Not Change in
Response to Chronic Stress

As sensitivity to stress is a key trait of both WKY rats (26-28)
and human IBS (29), we investigated if chronic stress alone
impacted on numbers of tuft cells. Colons from male C57/BL6]J
control mice were compared to mice which had endured 10
consecutive days of chronic social defeat stress (21). The overall
number of DAPI-stained epithelial cells in non-stressed control
C57/BL6] mice (452.8 + 109.6, n = 4) was not different to stressed
mice (402.5 + 94.63, n = 4, p >0.05, Student's t-test). DCLK1-
labeled (red staining, tuft cells indicated by arrows, Figure 3) tuft
cells were evident in the colonic mucosa of these mice, but
similar to the rat tissue, strong actin labeling was not evident.
The density of mucosal tuft cells did not differ between stressed
C57/BL6]J mice and their non-stressed comparators (n = 15 slices
from five mice, p >0.05, Student's t-test, Figure 3).

DISCUSSION

Tuft cells have been proposed as chemosensory sentinels
important in the host response to exposure to common
eukaryotes, such as helminths and protists (11). Although not
well elucidated, mechanisms involving basolateral release of
immune or neuromodulatory factors from these cells may
result in modulation of gut function (9) through interaction
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FIGURE 2 | Tuft cell density is increased in Wistar Kyoto (WKY) colons. The representative immunofluorescent images and box and whisker plots of pooled data
show the density of DCLK1-labeled tuft cells as a percentage of the total DAPI-stained epithelial cells. Numbers of tuft cells are increased in stress-sensitive WKY
rats, which have been validated as an animal model of IBS, as compared to Sprague Dawley control rats. * indicates p <0.05. Scalebar: 50 pm.
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FIGURE 3 | Tuft cell density is not altered by chronic stress. The representative immunofluorescent images and box and whisker plots of pooled data show the
density of DCLK1-labeled tuft cells as a percentage of the total DAPI-stained epithelial cells. No difference in the density of tuft cells was detected in colonic samples

with enteric neural plexi (7, 8). We have examined tuft cell
density in colonic mucosal biopsies from patients with IBS,
diagnosed in the absence of previous known enteric infection.
Increased density of tuft cells was detected only in diarrhea-
predominant IBS biopsies. Thus, tuft cell hyperplasia may
represent a potential biomarker for this subtype of IBS.

The intestinal profile of IBS patients exhibits lower bacterial
diversity that healthy individuals (30, 31). Moreover, transfer of
faecal microbiota from IBS-D patients is sufficient to evoke
changes in gut function, low-grade inflammation and the
expression of anxiety-like behaviors in germ-free mice (32).
However, studies focussed only on bacteria cannot explain the
heterogeneity of IBS symptomology (33, 34). Given that the
human microbiome includes many other non-bacterial
microorganisms such as viruses, fungi, archaea and
protozoans; other luminal residents have the potential to
contribute to the pathophysiology of this functional bowel
disorder. Indeed, the mycobiome differs in IBS patients (35)
and viral infection has been linked to increased risk of developing
IBS (36). The prevalence of protozoans is also increased in IBS
patients (37) with some, such as Dientamoeba fragilis (38) and
Giardia intestinalis (39) actually inducing IBS-like symptoms
such as abdominal pain and looseness of stools. Chemosensory
activation of tuft cells, which are in close proximity to the
neuronal plexi that regulate gut function (7, 8), could therefore
potentially contribute to IBS symptom manifestation.

Immunofluorescent labeling of tuft cells in mucosal biopsies
revealed rare DCLK1-expressing cells which displayed classic
pear-shaped morphology (2) and a strong cytoskeletal
component. Similar to other studies (1), we found that these
tuft cells made up less than 0.4% of DAPI-labeled epithelial cells
in control subjects. Biopsies from the distal colon of patients with
IBS-C had a similar prevalence of tuft cells to healthy study
participants, however, in the absence of any change in total
epithelial cell number, IBS-D patients exhibited tuft cell
hyperplasia. Although an active helminth infection can induce
more than ten-fold increase in tuft cell numbers in the upper
intestine (12), our more modest results (< 2 fold) are present in
the absence of any documented history of enteric infection.

Helminths and protists evoke a type 2 innate immune
response, which is characterized by secretion of ILC2
cytokines. In particular, IL-25, which, in the intestine, is
uniquely secreted by tuft cells, is a key signalling molecule
secreted in responses to helminth infections (40, 41). IL-25
subsequently stimulates ILC2 to secrete IL-5, IL-9 and IL-13.
IL-13 promotes goblet cell hyperplasia and in a feed-forward
cycle, tuft cell hyperplasia. Increased goblet cell activity and
mucus secretion has been reported in IBS patients (42) and we
now provide evidence of tuft cell hyperplasia in IBS-D colonic
mucosal samples.

Interestingly, in one study, biopsy-secreted IL-13 was
decreased as compared to controls in PI-IBS patients, who had
a history of acute gastroenteritis with diarrhea and/or vomiting,
(43), although in contrasting results, stimulated lymphocytes
from IBS patients secreted more IL-13 as compared to controls,
leading the authors to conclude that exposure to bacterial
products led to a shift from a Thl to a Th2 type of cytokine
production (44). Our study has detected increased epithelial tuft
cell numbers in IBS-D colonic biopsies. Concentrations of local
and circulating IL-25 are also elevated in IBS-D samples, which
could be related to tuft cell hyperplasia, although no statistical
correlation was detected. However, small sample sizes of each
IBS subtype could underlie this finding, which is a recognized
limitation of the study. Overall, plasma concentrations of IL-25
were notably higher than local secretions, which likely reflects
cumulative tuft cell secretion throughout the gut.

We have previously reported changes in cytokine profiles in
IBS patients from this geographical region (24, 25), with elevated
concentrations of IL-6 and IL-8 in pooled plasma samples from
all IBS subtypes. We were able to reproduce these findings in
pooled samples, however, subtype-specific analysis determined
that IL-6 was only significantly increased in IBS-D subtypes. In
contrast, plasma concentrations of IL-8, was elevated only in
IBS-C samples. No differences in local concentrations of IL-6 or
IL-8 were detected in secretions from colonic biopsies and
indeed, there was no statistical correlation between tuft cell
density and concentrations of these cytokines. IL-6 and IL-8
both have neurostimulatory actions in the enteric nervous
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system and also modify gut function (27, 45, 46). While tuft cells
have been linked with enteric neuronal function (7, 8), and IL-25
receptor immune-reactivity has been detected in central neurons
(47), further studies are needed to explore if this cytokine can
modify activity in enteric neurons or gut function. Indeed, if this
is found to be the case, it could be through indirect mechanisms,
such as through stimulation of mucosal mast cells (48) or other
immune cells (10, 11, 49) which are activated by IL-25.

Validated animal models of IBS have been very useful in
understanding the pathophysiological changes underlying bowel
dysfunction. One such model is the WKY rat, which exhibits
visceral hypersensitivity, raised corticosterone in response to a
challenge (50) and increased stress-induced defecation (26, 27).
Moreover, WKY rats exhibit altered colonic morphology
including elevated levels of mucus-secreting goblet cells (26).
We determined that distal colonic mucosal sections display
DCLK1-immunostained tuft cells with a prevalence of <0.4%
in control SD rats. In contrast to the human biopsies, these tuft
cells did not express overly strong cytoskeletal proteins.
Nonetheless, tuft cell hyperplasia was apparent in the WKY rat
model of IBS. In contrast to the human study participants, who
may have unknowingly been exposed to parasites resulting in
altered bowel function and changes to mucosal cells, the
controlled environment in which laboratory animals are
maintained, allows us to say with confidence that these animals
have not been exposed to helminths or protists. Thus, some other
factor may contribute to the increase in tuft cell numbers in
WKY rats.

It is generally accepted that psychological stressors are
complicit in the onset (51), exacerbation and prolongation of
IBS symptoms (52, 53). Stressors can also modify gut
morphology and permeability (54). Sensitivity to stress is a key
trait in WKY rats, but modified cytokine profiles indicate that
immune activation (55), among other factors, also contribute to
the overall phenotype. Two groups of C57/BL6] mice, reared
under controlled conditions and protected from helminth
exposure, were compared to explore if stress alone modifies
expression of epithelial tuft cells. A control, non-stressed group
was compared to mice which were susceptible to the stress
associated with ten consecutive days of chronic social defeat
stress. A previously published study using these mice
demonstrated that susceptible mice exhibited elevated levels of
corticosterone and adrenal gland weight, reflecting dysregulation
of the hypothalamic-pituitary-adrenal axis (21). Stressed mice
did not exhibit changes in the numbers of colonic epithelial tuft
cells, suggesting that activation of the stress axis per se does not
lead to tuft cell hyperplasia. However, as these mice did display
some changes in innate immunity (21), the chronic stressor
clearly impacts other systems apart from the stress response.

These studies have determined that tuft cell hyperplasia is
evident in patients with IBS-D with no history of enteric
infection. A parallel increase in secreted and circulating IL-25
was also observed. Although no statistical correlation was

detected between tuft cell density and IL-25 concentrations,
this may be detected with a larger sample size. Tuft cell
hyperplasia was replicated in a rat model of IBS, which was
not exposed to microbes such as helminths or protists.
Activation of the stress response, which is central to symptom
manifestation and prolongation in functional bowel
disturbances, had no impact on tuft cell densities in mice,
suggesting that stress, in of itself, does not contribute to tuft
cell hyperplasia. The clinical diagnosis of IBS is hampered by the
lack of specific biological biomarkers, necessitating a symptom-
based diagnosis following exclusion of other organic diseases.
Our findings contribute to gathering evidence of subtype-specific
changes in intestinal epithelial morphology in IBS patients.
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The study focuses on evaluation of the Default Mode Network (DMN) activity in functional
magnetic resonance imaging (fMRI) in resting state in patients with functional dyspepsia
(FD) and irritable bowel syndrome (IBS), Crohn's disease and colitis ulcerosa (IBD) in
comparison to healthy volunteers. We assume that etiology of both functional and non-
specific inflammatory bowel diseases is correlated with disrupted structure of axonal
connections. We would like to identify the network of neuronal connections responsible for
presentation of symptoms in these diseases. 56 patients (functional dyspepsia, 18;
Crohn's disease and colitis ulcerosa, 18; irritable bowel syndrome, 20) and 18 healthy
volunteers underwent examination in MRI of the brain with assessment of brain
morphology and central nervous system activity in functional imaging in resting state
performed in 3T scanner. Compared to healthy controls' DMN in patients with non-
specific digestive tract diseases comprised additional areas in superior frontal gyrus of left
hemisphere, in left cingulum and in the left supplementary motor area. Discovered
differences in the DMNs can be interpreted as altered processing of homeostatic
stimuli. Our study group involved patients suffering from both functional and non-
specific inflammatory bowel diseases. Nevertheless a spectrum of changes in the study
group (superior frontal gyrus of the left hemisphere, in the left cingulum and in the left
supplementary motor area) we were able to find common features, differentiating the
whole study group from the healthy controls.

Keywords: functional magnetic resonance imaging (fMRI), irritable bowel syndrome (IBS), inflammatory bowel
diseases, functional dyspepsia (fd), resting-state
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Skrobisz et al.

FMRI in Inflammatory Gastrointestinal Diseases

INTRODUCTION

Functional disorders of the gastrointestinal tract (FGIDs) may
explain from 25% up to 40% gastrointestinal tract (GI) derived
symptoms in young adults (1). In recent years, an increase in
incidence of non-specific inflammatory bowel diseases (IBDs),
especially in people in their 20s to 40s, has been observed.
Epidemiological data prove that chronic stress disorders
underlie both FGIDs and IBDs (2, 3). Non-specific
inflammatory bowel diseases, such as Crohn's disease or colitis
ulcerosa, are characterized by chronic inflammation of GI tract.
Stress seems not only to be a factor in exacerbation of symptoms
in course of IBDs, but is considered an initiating agent as well (4).

Functional disorders of the gastrointestinal tract are
diagnosed after exclusion of so called alert symptoms and
structural diseases on bases of Rome III Criteria (5, 6).
Etiology of FGIDs is elusive, pathogenesis theories include
alteration in enteric motility, celiac hypersensitivity, intestinal
barrier dysfunction, and underlying stress. FGIDs are often
described as immunohormonal mucosal disorders or
functional mucosal syndromes and symptoms seem to derive
from a disturbance of balance between inflammatory cytokines
released from intraepithelial lymphocytes and cytokines
inhibiting inflammatory processes (7-9). There are ample data
supporting theory that stress and other psychological disorders
are factors in development of FIGDs. Patients present with
increased levels of anxiety (fear), signs of depression
(pessimism), and emotional tension (10-12). Moreover, the
newest research in functional magnetic resonance imaging
(fMRI) in resting state underline regional disturbances in brain
activity in pathophysiology of functional dyspepsia. There is also
extensive research into the role of disturbance of brain-gut-axis,
which refers to bi-directional communication between the gut
and the central nervous system, in etiology of functional
gastrointestinal disorders (13, 14).

A number of studies contributed to the knowledge of neural
underpinning of patients' sensations in gastric diseases and show
two major findings. Abnormal interhemispheric interactions
have been encountered in patients with FGIDs (15-17). The
second finding focuses on mapping the brain regions—part of
Default Mode Network (DMN)—connected to gastric
sensations, including those involved in cognitive and emotional
regulation (anterior cingulate cortex—ACC, prefrontal cortex—
PFC, insula, temporal cortex, parahippocampal gyrus, and
orbitofrontal cortex—OFC) (17-21) and associated with the
“homeostatic afferent network” as described by Mayer Naliboff
and Craig (22). Our study explored the common mechanisms
underpinning different FGIDs. It is suggested that these
disorders origin in central processing of the visceral stimuli
(23-25). Patients with FGIDs and IBDs suffer from chronic
visceral pain which is strongly connected with DMN. Studies
reported that chronic pain is causing functional reorganization
in the default mode network (26-28).

There is a limited number of studies which examined the role
of DMN in inflammatory bowel diseases, among others, Liu et al.
(29) reported disrupted local and global topological patterns of
functional neural networks, including DMN in CD patients.

Another study presented aberrantly activated regions in DMN
in patients with ulcerative colitis (UC) (30).

We decided to focus on the default mode network as the one
most activated during processing the self-specific stimuli (31).

MATERIALS AND METHODS

All patients gave written consent to participate in the study.
Study has been approved by The Bioethical Committee of The
Military Medical Council (Street Koszykowa 78, 00-909 Warsaw)
(document 107/12 dated 22.06.2012).

Functional Magnetic Resonance Imaging
Study group included patients with functional dyspepsia (FD),
irritable bowel syndrome (IBS), and with non-specific
inflammatory bowel diseases (IBDs) (Crohn's disease and
ulcerative colitis)—FD, 18 (K, 13; M, 5; age range, 20-40 years;
mean age, 33.28 years); IBS, 20 (K, 14; M, 6; age range, 23-44
years; mean age, 33.1 years); IBD, 18 (K, 10; M, 8; age range, 21-
43 years; mean age, 26.83 years).

Patients suffering from FGIDs have been enrolled according
to Rome III Criteria summarized in Table 1 (5, 6). Patients with

TABLE 1 | Summary of Rome Il Criteria on FGIDs.

Diagnostic criteria*

1. Functional
dyspepsia

Must include one or more of the following:

—Bothersome postprandial fullness,

—Early satiation,

—Epigastric pain and/or burning.
No evidence of structural disease (including at upper
endoscopy) likely to explain the symptoms should be
found.

Must include all of the following:

—Pain or burning localized to the epigastrium of at least
moderate severity, at least once a week,

1a. Epigastric pain
syndrome (EPS)

—Intermittent character of pain/burning,

—Pain/burning should not be generalized or localized to
other abdominal or chest regions,

—Pain/burning should not be relieved by defecation or
passage of flatus.
Criteria for gallbladder and sphincter of Oddi disorders
should not be fulfilled.

Must include one or both of the following:

—Bothersome postprandial fullness, occurring after ordinary-
sized meals, at least several times a week,

1b. Postprandial

distress syndrome

(PDS)

—Early satiation that prevents completing a regular meal, at
least several times a week

Recurrent abdominal pain or discomfort** at least 3 days/

month in the last 3 months associated with two or more of

the following:

—Improvement with defecation,

2. Irritable bowel
syndrome (IBS)

—Onset associated with a change in frequency of stool,

—Onset associated with a change in form (appearance) of
stool.

*Criteria fulfiled for the last 3 months with symptom onset at least 6 months prior to
diagnosis.
***Discomfort” stands for uncomfortable sensation, not described as pain.
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non-specific inflammatory bowel diseases have been qualified
according to the anamnesis and results of additional tests, which
included colonoscopy with histopathological assessment,
gastrofiberoscopy, capsule endoscopy, and/or magnetic
resonance enterography (MRE). To exclude stress associated
with diagnosis a minimum period of three years from
diagnosis has been established.

The control group of 18 healthy volunteers consisted of nine
women and nine men (age range, 24-47 years; mean age,
34.27 years).

The exclusion criteria comprised lack of fulfillment of Rome
IIT Criteria for FGIDs, head trauma in anamnesis, severe
additional diseases, depression, mental disorders, pregnancy,
and/or lactation and well established contraindications to MRI.

Patients from both study and control group underwent a
GAST questionnaire developed by one of the authors (GP).
GAST questionnaire focuses on type of functional GI disease,
anamnesis with emphasis on history of symptoms and
concomitant diseases as well as sociodemographic data.

All patients subjected to research have been thoroughly
introduced to its principles and given detailed information on
examination procedures, especially on MR, also in order to reduce
stress levels and avoid potential panic or claustrophobic attacks.

Scanning Protocol

Functional and anatomical data sets were acquired in a 3T
Achieva TX Scanner (Philips Healthcare, Best, the
Netherlands) with the use of the eight-channel head coil. To
evaluate brain morphology and exclude subjects with brain
pathology standard T1 and T2 sequences were applied. No
contrast agent was administered. T2* Gradient Echo-Planar
Imaging (FFE-EPI: TR, 1,500 ms; TE, 27 ms; flip angle, 60%
matrix, 80 x 80; slice thickness, 3 mm with 0-mm gap, 210
volumes in series; TA 5 min 15 s; FOV, 240 mm x 240 mm), and
3D high-resolution T1 sequence (T1-TFE: TR, 7.44 ms; TE, 3.6
ms; slice thickness, 1 mm; matrix, 260 x 240; FOV, 260 mm x
240 mm) were applied for functional imaging and anatomical
reference, respectively. During the resting state, acquisition
subjects were asked to consciously attend to the fixation point
presented in the center of the visual field and not to think of
anything specific. The fixation point was presented via MRI-
compatible goggles (NNL fMRI VisualSystem).

Statistical Analyses

Data analyses were performed using the SPMI2 toolbox
(Wellcome Department of Imaging Neuroscience, London,
UK, www.filion.ucl.ac.uk/spm) implemented in MATLAB
(Mathworks Inc., Sherborn, MA, USA). Single-subject data
were pre-processed with Data Processing Assistant for Resting
State fMRI (DPARSF v2.3, Chao-Gan & Yu-Feng 2010). The first
five fMRI volumes were discarded to allow the BOLD signal to
reach steady state. Functional scans were corrected for slice
timing, realigned to the first image of the time series, and
normalized at 3 mm x 3 mm x 3 mm in reference to a
standard brain atlas (SPM12 MNI space). Participants with
movement exceeding a 2-mm vector of translation were
excluded from further analyses (eight subjects met the criteria

—2 form CON group, 2 from FD group, 3 from IBD group, and 1
from IBS group). Subsequently the T1 anatomical images were
segmented and the signal from the white matter and
cerebrospinal fluid was extracted. Resting state data were
further denoised using head motion scrubbing regressors and
additional nuisance regressors that included white matter and
cerebrospinal fluid signals. Finally, the data were low-pass
filtered (with 0.1 Hz cut-off) and smoothed with 4-mm full
width at half maximum Gaussian kernel. The purpose of the pre-
processing was to remove various kinds of artifacts (i.e. the
physiological noise), and to condition the data, to maximize
the sensitivity of later statistical analyses, and to increase
statistical validity.

In group resting state data analysis, the Group ICA of fMRI
Toolbox [GIFT v4.0, icatb.sourceforge.net] (32) and a natural
gradient (infomax) algorithm were used. The number of
independent components was set at 20 to avoid anterior-
posterior split of the Default Mode Network. Also, an ICASSO
spell method was introduced (with ten times repeating of the
ICA analysis) to increase the validity of the analysis. After
subject-wise data concatenations, ICA was performed for all
groups (CON, FD, IBD, IBS) in three stages:

 principal component analysis (PCA), which reduced each of
the subject's fMRI data to predefined number of components;

* ICA algorithm (Infomax) application;

* back reconstruction for each individual subject's data,
resulting in time courses and spatial maps of components.

For each of the groups 20 components were resembled. The
Default Mode Network was identified with the use of spatial
matching to the GIFT's binary DMN template. All independent
components were converted to z-maps (32, 33). Each z-score
represented the fit of a specific voxel BOLD time course to the
time course of the group averaged component. The z-maps of the
reconstructed subjects' DMN networks were further compared in
SPM12 second-level one-way ANOVA with age as an additional
covariate. Each of the group of interest (FD, IBS, IBD) DMN was
contrasted with the control group using two sample t-test.
Additionally, some joint intergroup comparisons including
“the gastroenterological diseases vs control” (all 3 groups—FD,
IBS, IBD) and “functional gastroenterological diseases vs
control” (2 groups—FD and IBS) were performed with F-test.
The results were all masked with the GIFTS's binary DMN
template. Due to our a priori hypothesis whole-brain analysis
was restricted to the DMN only (defined by the GIFT's template).
For that purpose, a small volume correction was applied on
cluster level. Clusters were regarded as significant when falling
below an initial uncorrected voxel threshold of 0.001 and a
topological False Discovery Rate corrected threshold of.05
adjusted for the small volume.

RESULTS

The automated matching of the Default Mode Network resulted
in a component replicable amongst groups as shown in
Figure 1B. No anterior-posterior split of the DMN was observed.
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FIGURE 1 | (A) Significant (cluster corrected pgpr < .05) clusters of intergroup comparisons in contrast with the control group. The red cluster defines area of
additional DMN connectivity of the IBD group, the green cluster represents a region of auxiliary connectivity of the DMN shared by both FD and IBS groups, whereas
the yellow clusters underpin regions of increased DMN connectivity shared by all of the gastrointestinal diseases. (B) A map of the main effect of the Default Mode
Network as reconstructed during the Independent Component Analysis across all of the subjects—patients and controls combined (pgwe < 0.05). CON, the control
group; FD, the functional dyspepsia group; IBS, the irritable bowel syndrome group; IBD, the inflammatory bowel disease group; ALL, all diseases (FD, IBS, and

DMN of Given Diseases

The two-sample t-test comparisons revealed significant effect
only when contrasting the IBD group with the CON group. The
IBD group showed auxiliary area of DMN connectivity in one
cluster in the superior frontal gyrus of the left hemisphere (peak
coordinates = 18, 57, 30, Z = 3.64, k = 28, corrected cluster
Prpr = 0.030). The cluster is visualized in red in Figure 1A (the
“IBD vs CON”).

Joint Group Comparisons

When comparing all the patients and the controls, two clusters
reached significance. First one located in the left cingulum (peak
coordinates = 3, —15, 39; Z = 4.17; k = 23; corrected cluster
prpr = 0.004), second one located in the left supplementary
motor area (peak coordinates 0 15 54, Z=3.77, k=14, corrected
cluster prpr=0.021). In both cases the DMN of the patients
showed increased connectivity in those areas. The clusters are
visualized in yellow in Figure 1A (the “ALL vs CON”).

When restricting the comparison to functional
gastroenterological diseases only—one cluster reached
significance. It was located in left supplementary motor area
(peak coordinates = -3, 12, 57; Z = 3.87; k = 14; cluster corrected
pepr = 0.043) and roughly overlaps with one of the clusters of
“the gastroenterological diseases vs control” reported in previous
paragraph. The direction of the alternation remained unchanged
(the DMN of the functional gastrointestinal patients was
increased in the area as compared with the controls). The
cluster is visualized in green in Figure 1A (the “FD and IBS
vs CON”).

All results are summarized in Table 2.

DISCUSSION

Functional diseases of gastrointestinal tract, frequently
encountered worldwide, have a negative influence on the

TABLE 2 | Summary results of the intergroup comparisons.

X
IBD vs CON LH superior frontal gyrus -18
ALL vs CON LH cingulum 3 -15
LH supplementary motor area 0
FD and IBS vs CON LH supplementary motor area -3

z No. of T-test/ z Cluster
voxels F-test corrected pepr

30 28 3.86 3.64 .030

39 23 10.18 417 .004

54 14 8.51 3.77 .021

57 14 11.54 3.87 .043

Anatomical labels according to Automated Anatomical Labeling tool. All reported clusters are significant at cluster p < .05 threshold with topological False Discovery Rate small volume

correction.

CON, the control group; FD, the functional dyspepsia group; IBS, the irritable bowel syndrome group; IBD, the inflammatory bowel disease group; ALL, all diseases (FD, IBS and IBD); x, y,

z, peak coordinates in MNI space; Z, Z-score.
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quality of life and cause significant costs in health care systems.
Diagnostic criteria are based on Rome III Criteria (5, 34).
Functional dyspepsia is the most common of FIGDs,
diagnosed in approx. 25% of population. In 15% to 24% of
western world population irritable bowel syndrome is
encountered. Functional diseases of gastrointestinal tract are
more common in young women, in case of IBS 2 to 3 times in
comparison to men (35).

Patients suffering from FIGDs more often present with
emotional distress and lower stress tolerance. Patient's
constitution and response to stress may influence biological
processes within the central nervous system and through
autonomic nervous system trigger somatic reactions from
digestive tract, leading to decrease in quality of life (36). Brain-
gut axis disorders are also taken into account in etiology of
FIGDs symptoms, mainly with regard to lowering the pain
threshold (37). Correlation between anxiety and lowering the
pain threshold, epigastric discomfort, burning, and early
satiation has been proven. Patients suffering from FIGDs are
also prone to guilt, increased self-criticism, catastrophical
thoughts, and focusing on failure, they are said to cope worse
with everyday problems. However, no correlation between
FIGDs and lifespan has been reported (38).

Since 1937 when Papez first described neural pathway in the
brain thought to be involved in the cortical control of emotion,
the limbic system has been under scrutiny. At first brain studies
have been mainly based on observation of its response to damage
or stimulation. New possibilities emerged with introduction and
development of imaging techniques, such as single-photon
emission computed tomography (SPECT), positron emission
tomography (PET), and functional magnetic resonance
imaging (fMRI). Ample research has been conducted in order
to investigate neuroanatomy and recognize which areas of the
brain activate while different emotional states are being induced
in healthy individuals. Phan et al. (39) in their meta-analysis of
55 studies with the use of PET and fMRI in healthy subjects
showed that fear is associated with increase of activity in
amygdalae, while sadness with activation of the perigenual
anterior cingulate cortex. Medial part of prefrontal cortex plays
a significant role in evaluation and processing of emotional data.

Our results showed that DMNs in study and the control
group differed in left superior frontal gyrus, left cingulum and in
the left supplementary motor area. Number of studies focused on
functioning of the brain in FGIDs (15, 40-42). The study of Liu
at al. (2013) focused on orbitofrontal cortex (OFC), parietal
cortex, pregenual anterior cingulate cortex (pACC), and
dorsomedial prefrontal cortex (dmPFC) (43). There are several
factors that may contribute to the discrepancies between our
studies. Most important one is the study population. In our
research we focused on the joint effect of the different FGIDs
which may have covered different brain responses specific for the
each of the group of patients separately. Also the image analysis
proposed by Liu at al. did not include detrending and filtering of
the data which may resulted in different SNR ratio (signal-to-

noise ratio) and also affect the results. We interpret our results
with reference to the model of the brain-gut axis as explained by
Mayer (2005) (44). The author describes the homeostatic afferent
processing network as the one responsible for processing visceral
and somatic stimuli (both painful and non-painful). What is
most important in the model, is a broad understanding of
homeostasis which includes responding to emotional stimuli as
well. This point of view seems to be crucial for FGIDs patients
description. Discovered differences in the DMNs can be
interpreted as altered processing of homeostatic stimuli.

Despite that the Default Mode Network in gastric diseases is
not yet well examined, there are multiple research explaining role
of brain regions, which could give ideas of psychological
functioning of this group of patients. Results of our study
showed differences in three regions ie. superior frontal gyrus
of the left hemisphere, left cingulum, left supplementary motor
area (see Figure 1) between particular groups. All diseases
groups differed from control group in Default Mode Network
pattern in left cingulum. Functions of cingulum are widely
described, as a part of a limbic system it was always connected
with emotions (including social interactions), motivation, and
cognitive processes, such as memory and executive functions
(45). However if the greater emphasis will be put on particular
parts of cingulum, then its frontal connections are more likely
consider as a attenuating in cognitive control, attention processes
as well as pain, motor mechanisms, and reward signaling (46).
Looking at cingulum in aspects of gastric diseases the role in
amplifying emotional responses to pain signals described by
Cohen et al. (47) seems to be the most important. As
mentioned above, patients with gastric diseases often have
lower stress tolerance and higher anxiety level. Thus different
Default Mode Network pattern in cingulum region might be
linked with often pain presence in examined gastric diseases.

Different DMN activation of superior frontal gyrus (SFG) was
found in IBD group comparing to control. Functional brain
imaging studies focused on chronic pain emphasis that chronic
pain conditions involve mostly medial prefrontal cortical areas as
well as subcortical limbic regions. Apkarian et al. (48) suggest
that in majority of chronic pain diseases a shift away from brain
areas engaged in sensory processing of pain to regions involved
in emotional and motivational subjective states is observed. This
observation would explain differences in DMN in SFG between
IBD individuals and control group. Activation of these limbic/
emotional structures related to subjective pain in IBD
might result in psychological symptoms such as anxiety
or dissatisfaction.

Last DMN with statistically relevant differences in region of
supplementary motor area was noticed in comparison of
functional gastric diseases (functional dyspepsia group, irritable
bowel syndrome) and control groups. This brain area is
considered to play role in facilitating spontaneous motor
responses to auditory stimuli, and in supporting a flexible
engagement of sensorimotor processes to enable auditory
perception and imaginary (49). Reflecting these findings to our
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results may explain why symptoms of FD and IBS can appear as a
react to particular sound or image.

The psychological description of the patients corresponds
with this explanation. Patients are characterized as anxious and
depressive; also, the comorbidity of the FGIDs and the
psychiatric disorders regard mostly the mood and anxiety
disorders (50), thus suggesting altered emotional processing
as well.

In conclusion, it needs to be stressed that our study group
involved patients suffering from both functional and non-specific
inflammatory bowel diseases. Nevertheless, with a spectrum of
changes in the study group (superior frontal gyrus of the left
hemisphere, in the left cingulum and in the left supplementary
motor area), we were able to find common features,
differentiating the whole study group from the healthy controls.
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Small intestinal bacterial overgrowth (SIBO) is one manifestation of gut microbiome
dysbiosis and is highly prevalent in IBS (Irritable Bowel Syndrome). SIBO can be
diagnosed either by a small bowel aspirate culture showing >10% colony-forming units
(CFU) per mL of aspirate, or a positive hydrogen lactulose or glucose breath test.
Numerous pathogenic organisms have been shown to be increased in subjects with
SIBO and IBS, including but not limited to Enterococcus, Escherichia coli, and Klebsiella.
In addition, Methanobrevibacter smithii, the causal organism in a positive methane breath
test, has been linked to constipation predominant irritable bowel syndrome (IBS-C). As M.
smithii is an archaeon and can overgrow in areas outside of the small intestine, it was
recently proposed that the term intestinal methanogen overgrowth (IMO) is more
appropriate for the overgrowth of these organisms. Due to gut microbiome dysbiosis,
patients with IBS may have increased intestinal permeability, dysmotility, chronic
inflammation, autoimmunity, decreased absorption of bile salts, and even altered
enteral and central neuronal activity. As a consequence, SIBO and IBS share a myriad
of symptoms including abdominal pain, distention, diarrhea, and bloating. Furthermore,
gut microbiome dysbiosis may be associated with select neuropsychological symptoms,
although more research is needed to confirm this connection. This review will focus on the
role of the gut microbiome and SIBO in IBS, as well as novel innovations that may help
better characterize intestinal overgrowth and microbial dysbiosis.

Keywords: small intestinal bacterial overgrowth, irritable bowel syndrome, gut dysbiosis, breath test, methane,
archaea, hydrogen, hydrogen sulfide

INTRODUCTION

Irritable bowel syndrome (IBS) is a functional bowel disorder defined by recurrent abdominal pain for at
least 1 day per week in the last 3 months that is associated with 2 or more of the following: related to
defecation, associated with a change in stool form, or associated with a change in stool frequency (1).
Symptom onset must occur at least 6 months prior to diagnosis, but many patients suffer long-term
chronic symptoms as a result of this disorder. Patients may experience various comorbidities including,
but not limited to, bloating, constipation, diarrhea, incontinence, and psychological disturbances.
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Historically, IBS has been associated with stress and anxiety, and the
brain-gut axis has been widely described as important in
understanding IBS (2). Because of this, many treatments focus
on antidepressants and neurobehavioral intervention (3).
Although these treatments can be effective, newer studies have
demonstrated more complex, organic etiologies specific to the gut
that have led to novel therapeutic options. The complex network of
etiologies likely represents various pathophysiological states that
may be unique to the patient and include visceral hyperalgesia,
intestinal permeability, immune activation, altered gastrointestinal
motility, autoimmunity, and alteration of the gut microbiome. The
last category, the gut microbiome, has seen an exponential growth
in interest over the last few years. One manifestation of dysbiosis,
small intestinal bacterial overgrowth (SIBO), is linked to IBS and
will be the focus of this review.

DEFINITION OF SIBO

While a diagnosis of IBS is based on clinical symptoms, the gold
standard for a diagnosis of SIBO is the presence of >10° colony
forming units per milliliter (CFU/mL) of jejunal aspirate by culture
(4, 5). However, aspiration is invasive and expensive, requiring a
skilled gastroenterologist. Also, there may be sampling errors given
that only a small segment of the small bowel can be aspirated,
leaving the rest unexplored. Alternatively, a breath test can be used
to assess microbial overgrowth in the gut. Hydrogen (H,) and
methane (CH,) are exclusively produced by microbial metabolism
and are exhaled on the breath (6-8). The North American
consensus defines a rise in H, > 20 parts per million (ppm) from
baseline within 90 min of substrate ingestion as positive for the H,
breath test, and a CH, level > 10 ppm at any time is defined as
positive for the CH, breath test (4). Two of the most common
carbohydrate substrates used for the breath test are glucose and
lactulose. Glucose is a monosaccharide that is readily absorbed in
the proximal small intestine, whereas lactulose is a disaccharide and
has more limited absorbability (9). SIBO is associated with a myriad
of symptoms including, but not limited to bloating, abdominal pain,
nausea, constipation, and diarrhea. A positive H, breath test is
diagnostic of SIBO, which has been associated with diarrhea-
predominant IBS (IBS-D) and IBS with mixed bowel habits (IBS-
M) (10). A positive CH, breath test is indicative of methanogen
overgrowth, which has been associated with constipation
predominant IBS (IBS-C) (5, 11, 12). Of note, the recent SIBO
guidelines have reclassified CH, positive breath test as intestinal
methanogen overgrowth (IMO), as methanogenesis is likely not
limited to the small intestine (5, 13-15). In addition, although
measurement of CHy is not always included, the North American
consensus and the recent SIBO guidelines both recommend that
CH, be measured concurrently with H, during breath testing (4, 5).

PREVALENCE OF SIBO IN IBS

The relationship between SIBO and IBS was described in a 2020
meta-analysis of 25 case-control studies involving 3,192 IBS

subjects and 3,320 controls, that showed that the prevalence of
SIBO in IBS was 31.0% (95% CI 29.4-32.6) with an OR of 3.7
(95% CI 2.3-6.0, p = 0.001) compared to controls (16). This
meta-analysis included studies with healthy controls and non-
IBS patient controls. When comparing SIBO rates with only
healthy controls the OR increased to 4.9 (95% CI 2.8-8.6, p =
0.001). This meta-analysis included studies that had several
definitions of SIBO, as well as several IBS diagnostic criteria.
The Rome IV diagnostic criteria for IBS were published in 2016,
and the meta-analysis did not include any studies utilizing the
newer Rome IV criteria. A funnel plot evaluating publication bias
showed some asymmetry, although after including only the top
15 high-quality studies with low risk of bias, the asymmetry was
no longer observed. Interestingly, this increased the OR for SIBO
in IBS with an OR of 4.1 (95% CI 3.0-5.6, p < 0.001). Slightly
higher rates of SIBO were seen in studies that utilized breath
testing as opposed to small intestinal aspiration (35.5 vs. 33.5%,
respectively). The two most common breath test utilized were
glucose breath test (n = 9) and lactulose breath test (n = 8). The
prevalence of SIBO in IBS subjects vs controls was 62.3 vs 33.5%
for the lactulose breath test, and 20.7 vs 4.4% for glucose. The
association between SIBO and IBS seemed to be the strongest for
IBS-D vs IBS-C or IBS-M, at 35.5% (95% CI 32.7-40.3) vs 22.5%
(95% CI 18.1-26.9) or 25.2% (95% CI 22.2-28.4), respectively.
Since this meta-analysis, one study utilizing the newer Rome IV
diagnostic criteria for IBS has shown that the prevalence of SIBO
is increased in subjects with IBS (51.7 vs. 16.7%, p <.001) (17).
Figure 1 summarizes the prevalence of SIBO in IBS vs controls
from case-control studies (n>80) using Rome IIT and the latest
Rome IV criteria for IBS (17-29). Our analysis of these 13 studies
shows that the pooled SIBO rate is significantly higher in IBS
subjects than in controls (30 vs 9%, n = 2,494, p < 0.0001). The
number of healthy subjects with SIBO likely reflects the complex
relationship between SIBO and symptoms. A balance of specific
bacterial strains with different adaptive host factors may produce
asymptomatic, or mildly symptomatic patients with SIBO.

In contrast to SIBO (based on a positive H, breath test),
which is more strongly associated with IBS-D, IMO has been
linked to IBS-C (5, 11, 16, 30, 31). Unlike H,, which has not been
shown to directly induce diarrhea, CH, has been shown to
directly slow intestinal transit and causes constipation, both in
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FIGURE 1 | SIBO positive rates in Rome Il or IV IBS. Overall SIBO is highly
prevalent in IBS. *Used Rome IV definition, all other studies used Rome |lI
(16-28).
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humans (32) and in animal models (33). Pimentel et al. showed
that direct infusion of CH, in animals slows intestinal transit,
and also showed that segments of guinea pig ileum exhibit
increased contractile impulses when bathed in CH, (33). CH,
appears to cause dysregulation in motility by amplifying
neuronal activity in the intestine through the anticholinergic
pathway (34). In humans, a study showed that the degree of
constipation correlated with breath CH, levels in subjects with
IBS (31). Of note, for patients with constipation without IBS, the
percentage of CH, positive patients also correlated with
constipation (35). In this study, those with decreased motility
in the colon had higher levels of total and maximum CH, (35).
Two strict anaerobic methanogens have been isolated from the
human gut, Methanosphaera stadtmaniae (36) and
Methanobrevibacter smithii (37), with the latter being the
predominant source of methanogenesis and associated with
constipation (38). Supporting this, another study found that
higher levels of M. smithii correlated with higher CH, on
breath test (12). These studies shed light on a causal
relationship between methanogen overgrowth and at least a
subset of IBS-C. Interestingly, bile acids are a proposed
etiology of functional diarrhea and IBS-D, and have been
shown to decrease methanogenesis in human feces (39).

Only a few studies have attempted to characterize the small
bowel microbiome in subjects with SIBO and IBS. A North
American study found that SIBO subjects had a 7-8-fold increase
in Klebsiella and Escherichia/Shigella compared to non SIBO
patients (40). One Indian study, on jejunal aspirate of SIBO and
IBS subjects, found that 40% of subjects had Pseudomonas
aeruginosa, 6.7% had Acinetobacter baumannii, 13.3% had
Acinetobacter lwoffii, 13.3% had Staphylococcus spp, 6.7% had
Enterococcus faecalis, 20% had Escherichia coli, 6.7% had
Enterococcus faecium, 13.3% had Klebsiella pneumoniae, and
6.7% had Streptococcus spp. by culture (41). This study also
noted an increase in Acinetobacter Iwoffii, Staphylococcus spp.,
Enterococcus faecalis, Escherichia coli, and Klebsiella pneumoniae
in IBS subjects with SIBO vs. those without SIBO. Similarly, a
Swedish study found that IBS subjects with SIBO had a high
prevalence of Gram-negative Bacilli and Enterobacter on jejunal
aspirate (42). Lastly, a study from Athens found high prevalence
of Escherichia coli, Enterococcus spp, and Klebsiella pneumoniae
in duodenal aspirates from subjects with SIBO (43). Given the
highly variable results of microbiome studies arising from
different sampling locations, geography, and definitions of
SIBO, caution should be exercised when generalizing
these results.

GUT MICROBIOME DYSBIOSIS, IBS AND
SIBO—FOCUS ON POST-INFECTIOUS IBS
MODELS

SIBO only comprises a subset of gut microbiome dysbiosis, and
this review would not be complete without discussing how
microbial dysbiosis in general contributes to IBS. Previous

studies have shown that infectious etiologies such as infectious
gastroenteritis (44, 45) and diverticulitis (46) are associated with
the development of IBS, which have been termed post-infectious
IBS (PI-IBS). A recent systemic review has shown that roughly
10% of patients with enteritis develop PI-IBS within the
following year and the prevalence of PI-IBS seems to increase
with time (47) These infections are thought to induce changes
through long-lasting low-grade inflammation, an increase in
intestinal permeability, and autoimmunity, ultimately leading
to the symptoms of IBS (Figure 2). Given that roughly 10% of
the population has IBS (48) and the that an estimated 10 million
food-borne illnesses occur each year (49), it is possible that a
significant portion of patients with IBS may have had
gastroenteritis in the past that they cannot recall and may have
PI-IBS. Interestingly, a mathematical model has shown that
infectious gastroenteritis may contribute to a large proportion
of IBS (50). Therefore, we hypothesize that studies of PI-IBS may
be relevant to many subjects with IBS.

Infectious diarrhea has been known to cause intestinal
permeability (51, 52), and a similar phenomenon is seen in
patients with IBS (52, 53). This is thought to be partially
mediated through bacterial effects on tight junctions (54).
Although the mechanism(s) underlying how intestinal
permeability persists after the acute infection is not entirely
clear, there are many hypotheses centered on gut microbiome
dysbiosis. Butyrate, a microbial metabolite, is a key player in
maintaining a healthy epithelial barrier by regulating cell
turnover, antioxidants, and energy maintenance in the gut
lining (55, 56). Interestingly, one study found lower levels of
butyrate-producing bacterial families such as Ruminococcaceae,
an unknown family from the order Clostridiales, and
Erysipelotrichaceae in subjects with IBS-D (57). Butyrate
appears to mediate cell turnover through inhibition of histone
deacetylase (HDAC), which causes apoptosis of the luminal cells
(56). Interestingly, in a rodent model of IBS, inhibition of
HDAC alleviated symptoms of visceral hypersensitivity (58).
In addition, another candidate important in the maintenance of
intestinal permeability has recently gained interest in IBS. A
double-blind placebo-controlled randomized control trial in
2019 evaluated glutamine, a key amino acid that helps gut
epithelial integrity (59), and found that an 8-week course
significantly alleviated IBS symptoms (60). The improvement
in symptoms was correlated with improvement in intestinal
permeability. Interestingly, glutamine-enriched total parenteral
nutrition did not improve intestinal permeability in
malnourished surgical subjects undergoing gastrointestinal
surgery (61), which may suggest additional mechanisms are
needed to maintain the gut epithelial barrier which are not
present in these subjects. Given that these subjects had poor oral
intake coupled with severe gastrointestinal disease which
necessitated surgery, their microbiome dysbiosis should be
further investigated.

Secondly, inflammation seems to play a role in the
pathophysiology of IBS. Previous studies have shown that rectal
biopsies from subjects who had acute Campylobacter enteritis and
diarrhea exhibit persistently elevated T-lymphocytes and
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FIGURE 2 | Diagram depicting selective theories on the physiologic mechanisms of IBS.

enteroendocrine cells, and that similar elevations are seen in subjects ~ exhibited SIBO, intraepithelial lymphocytes in the rectum and the
with post-infectious IBS (52). Another study found an increase in left colon were also increased (66).

enterochromaffin cells and T-lymphocytes in subjects with new- Autoimmunity may also play a significant role in the
onset post-infectious IBS following Campylobacter infection  development of IBS as it relates to the gut microbiome. In a post-
compared to both subjects who were asymptomatic following  infectious IBS model, rats who were exposed to Campylobacter with
infection and to healthy controls (62). The increase in  an insertional deletion of the bacterial toxin cytolethal distending
lymphocytes appears to be present in the general IBS population  toxin B (CdtB) exhibited significantly fewer intraepithelial
as well, as one study found a 1.8-fold increase in intraepithelial ~ lymphocytes and less alterations in stool form (67). Antibodies to
lymphocytes in IBS subjects as compared to asymptomatic controls ~ CdtB were found to have a high affinity to the neuronal protein
(63). This is not surprising since a large proportion of IBS is  vinculin, and a decrease in vinculin expression correlated with the
suspected to be due to a previous infection (50). A mouse model =~ number of times the rats were exposed to Campylobacter (68).
of post-infectious IBS developed using Trichinella spiralis (64) found ~ Vinculin is a key cytoskeletal protein that plays an essential role in
similar results, with enterochromaffin cells being persistently — cell-matrix and cell-cell adhesion (69). In humans, numerous
elevated in the bowel long after clearance of the acute infection,  studies have found that these two biomarkers (antibodies to CdtB
as well as an increase in intraepithelial cells and a decrease in and vinculin) can differentiate between IBS-D/M (70-73) and other
intestinal cells of Cajal in mice that developed SIBO (65). In  bowel diseases and conditions that cause diarrhea, although one
addition, a post-Campylobacter rat model of IBS exhibited  study in Australia failed to show such relationship (74). A
persistent alterations in stool consistency and in rats that  longitudinal observation of a single patient who developed IBS
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after an episode of infectious diarrhea demonstrated a subsequent
elevation in anti-CdtB, followed by an elevation in anti-vinculin,
each coinciding with symptoms (44). A thorough evaluation failed
to find an “organic” gastrointestinal disorder in this patient. In
humans, this pathway seems to be specific to patients with IBS-D
and IBS-M but not IBS-C (71), which is consistent with findings in
the rat model.

Finally, SIBO and malabsorption has also been proposed as a
mechanism underlying the development of diarrhea. It is
thought that deconjugation of bile salts in the upper gut
induces a decrease in absorption of fat and lipophilic vitamins,
leading to the production of lithocholic acid, which is poorly
absorbed and thought to be enterotoxic (75). In subjects with
malabsorption syndrome with and without SIBO, subjects who
had SIBO exhibited significantly elevated unconjugated bile salts,
acetate, lactate, and formate than those without SIBO (76).

MICROBIOME-TARGETED TREATMENT
OF SIBO, IMO, AND IBS

There are treatments for both SIBO and IBS which target the
microbiome, including treatment with a non-absorbable oral
antibiotic, rifaximin. A meta-analysis which evaluated
normalization of breath test in response to antibiotics for SIBO
found that of the 10 studies included, rifaximin was the most
common and was used in 8 studies. They found a pooled
normalization rate of 49.5%, 95% CI 44.0-55.1 with rifaximin
vs. 9.8%, 95% CI 4.6-17.8 with placebo (77). Rifaximin was
compared against placebo in only 3 studies and had a favorable
response with an effectiveness ratio of 1.97, 95% CI 0.93-
4.17, p = 0.08. although this did not reach statistical
significance. Four studies directly compared antibiotics to
placebo and found an effectiveness ratio of 2.55, 95% CI 1.29-
5.04, p = 0.03 favoring antibiotics.

Similarly, multiple large randomized controlled trials have
shown that rifaximin can improve symptoms in subjects with IBS
without constipation (78, 79). Currently this is the only FDA-
approved therapy to treat IBS by directly affecting the gut
microbiome. Unlike other medications on the market for the
treatment of IBS, the effects of this treatment outlasted the
duration of treatment by weeks to months. This is thought to be
due to the effects of rifaximin on the gut microbiome which persist
after the treatment is over. Unfortunately, a subset of subjects
experience a relapse of their symptoms, but repeat dosing with
rifaximin appears to be safe and effective (79, 80). The mechanism
of action for this drug is not entirely clear, but it appears to induce a
small, transient reduction in Shannon index as well as a decrease in
the relative abundance of 7 taxa including Enterobacteriaceae,
Verrucomicrobiaceae, Peptosteptococcaceae, Pasteuellaceae,
Synergistaceae, Eubacteriaceae, and Enterococcaceae (81), as
determined from stool samples. These transient effects are
consistent with clinical observations. Whether the reductions in
these taxa are directly linked to the improvements in IBS symptoms
is yet to be determined. Further studies are needed to also evaluate
changes in small bowel and proximal colon.

A metanalysis by Shah et al. found 7 studies which evaluated
patients with SIBO in IBS and found that antibiotics relieve
symptoms in 81.6% of patients. Only 5 studies reported
eradication of SIBO and 93% of patients with a glucose breath test
achieved normalization while 71.4% of patients who were diagnosed
via small bowel aspirate culture reached normalization (16).

Furthermore, treatment with specific antibiotics results in
decreased CH, levels that correlate with improvements in
constipation (82, 83). Of note, while neomycin and rifaximin
can each reduce constipation in IBS-C, using a combination of
both appears to be most effective (84). Currently only a small
number of studies with limited sample sizes have evaluated the
use of antibiotics in the treatment of IMO, and larger,
multicentered randomized control trials are needed to further
characterize their efficacies and potential adverse events.

Perhaps the largest clinical indication of the overlap between
SIBO and IBS was demonstrated by Rezaie et al, who showed that
a positive lactulose breath test predicted a favorable response to
rifaximin (59.7 vs 25.8%, p = 0.002) (85) than patients who had a
negative lactulose breath test. Given this finding, patients with
IBS should undergo a lactulose breath test to rule out SIBO, as
this may have treatment implications (86).

Finally, probiotics have also been evaluated in the treatment of
IBS. A systemic review by Ford et al. (87) found that certain
combinations of probiotics may be helpful in IBS, although there
was significant heterogeneity between the studies with possible
publication bias. In this study, combination probiotics LacClean
Gold and VSL#3 had some efficacy with RR = 0.59; 95% CI 0.37-
0.93 (n = 130) and RR = 0.82; 95% CI 0.52-1.30 (n = 78),
respectively. Interpretation of metanalyses of probiotic studies is
difficult since different strains are studied in different combinations
assessing various endpoints. Many studies also have small sample
sizes, making it difficult to generalize the results.

NEUROPSYCHOLOGICAL SYMPTOMS,
SIBO, AND IBS

IBS patients can experience significant effects on their mental
health with increased rates of comorbid psychological conditions
such as stress and anxiety, as well as decreased energy and
disruptions in sleep and functioning (88-90). Whether these
conditions are part of the IBS-SIBO overlap remains a focus of
research. A recent study by Rao et al. found that subjects with
brain fog had increased rates of SIBO (91), and also found an
association between brain fog and probiotic use as well as D-
lactic acidosis, a condition found in patients with short bowel
syndrome (92). Although the participants in this study were all
referred from a gastrointestinal clinic, none were classified as
having IBS, although the study did exclude subjects with
“organic” gastrointestinal diseases. Furthermore, although this
study was not placebo-controlled, an improvement was seen with
initiation of antibiotics and the cessation of probiotics. Given
this, probiotics may have subtle effects on health and despite
their accessibility as an over-the-counter medication, should be
taken cautiously. Similarly, in subjects with chronic fatigue
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syndrome, another disease which carries an enigmatic
pathophysiology, erythromycin was shown to have a significant
effect on sleep duration but only in those that exhibited
significant effects on the gut microbiome, specifically a
decrease in Streptococcus levels (93). It is unclear whether the
promotility effect of erythromycin or its antimicrobial effect
played a greater role in these findings.

Finally, one study has demonstrated a possible connection from
the gut microbiome to the brain via the vagus nerve. In this study,
mice supplemented with Lactobacillus rhamnosus exhibited
decreased stress-related behaviors and altered expression of
gamma-aminobutyric acid (GABA) receptor in the brain (94).
Interestingly, this effect was decreased in rodents who underwent
vagotomy, suggesting a direct neuronal effect via the 10™ cranial
nerve. Unfortunately, many of these studies have methodological
issues concerning blinding, open-labeled design, and small sample
size, to name a few potential biases. Whether alterations in the gut
microbiome can directly affect the central nervous system and
whether further modification via antibiotics or probiotics can
have beneficial effects on humans requires further research.

FUTURE DIRECTIONS

Currently there is no consensus on the use of lactulose or glucose in
breath testing (5). The lactulose breath test is limited by its potential
false positive rates in patients with high motility, and the glucose
breath test may not adequately detect SIBO in the distal bowel as it
gets readily absorbed in the proximal small intestine (9). More
validation studies are needed for standardization. As a potential
solution, an ingestible capsule that can directly measure gas in the
intestine is being developed. This may potentially improve the
diagnostic accuracy over current methods which utilize breath testing.

There are several other innovations that may significantly
influence the field of SIBO and IBS. A new study by Leite et al.
has found that the use of dithiothreitol, a mucolytic, can
significantly increase bacterial yield from small intestinal
aspirates by approximately 3-fold (95). This will allow a more
complete and thorough sampling of the small bowel which may
lead to novel discoveries. As noted above, aspiration techniques
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The pathophysiology of functional gastrointestinal disorders (FGIDs) is still unclear and
various complex mechanisms have been suggested to be involved. In many cases,
improvement of symptoms and quality of life (QoL) in patients with FGIDs is difficult to
achieve with the single-targeted treatments alone and clinical application of these
treatments can be challenging owing to the side effects. Herbal preparations as
complementary and alternative medicine can control multiple treatment targets of
FGIDs simultaneously and relatively safely. To date, many herbal ingredients and
combination preparations have been proposed across different countries and together
with a variety of traditional medicine. Among the herbal therapies that are comparatively
considered to have an evidence base are iberogast (STW-5) and peppermint oil, which
have been mainly studied and used in Europe, and rikkunshito and motilitone (DA-9701),
which are extracted from natural substances in traditional medicine, are the focus of this
review. These herbal medications have multi-target pharmacology similar to the etiology of
FGIDs, such as altered intestinal sensory and motor function, inflammation,
neurohormonal abnormality, and have displayed comparable efficacy and safety in
controlled trials. To achieve the treatment goal of refractory FGIDs, extensive and high
quality studies on the pharmacological mechanisms and clinical effects of these herbal
medications as well as efforts to develop new promising herbal compounds are required.
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Herbal Therapies in FGIDs

INTRODUCTION

Functional gastrointestinal disorders (FGIDs) are a group of
diseases with variable combinations of chronic or recurrent
gastrointestinal (GI) symptoms not explained by structural or
biochemical abnormalities (1). FGIDs include diseases that are
commonly found in daily practice, such as gastroesophageal
reflux disease (GERD), functional dyspepsia (FD), irritable
bowel syndrome (IBS), and functional constipation (FC), and
show various symptom presentation throughout the GI tract.
They impair the quality of life (QoL) of patients and entail a huge
expenditure of medical resources (2, 3). Although the possible
pathological mechanisms involved in these diseases have been
studied and proposed from various perspectives, their etiologies
are still not fully understood. Numerous factors such as GI
dysmotility, visceral hypersensitivity, altered immune function,
stress, central nervous system dysregulation, intestinal dysbiosis,
and genetic predispositions seem to affect the clinical expressions
of these diseases, but the mechanisms or complex crosstalk
between the pathways have not been clearly elucidated (4).

In spite of treatments have been attempted for FGIDs in the
past decades by controlling specific etiologies determined from
preclinical and human studies, the positive therapeutic yields of
these treatments were unsatisfactory in many cases. Various
single-drug treatments with a single target site have been used,
but cases that showed complete improvement of symptoms are
rare, except for a few in which the treatment showed a marginal
effect. Despite the advances on the understanding of the
pathophysiology of FGIDs and the development of drugs
targeting novel pathways, agents that display satisfactory
therapeutic effects on various FGIDs according to both patients
and physicians are still limited (5).

Herbal medications have been used in many countries by
various races since ancient times and are still used by some
physicians or as home remedies. They can be used as
complementary and alternative medicine for patients with
FGIDs when primary therapeutic approaches fail and are
recommended by treatment guidelines for FGIDs in certain
countries (6-8). As the various FGIDs overlap in many cases
or show a wide range of symptoms even if they occur as a single
disease entity (9, 10), herbal medications with multiple
mechanisms of action in virtue of diverse components can
potentially regulate various, complex etiologies simultaneously
and comprehensively improve symptoms of FGIDs.
Furthermore, herbal medication will have fewer adverse effects
owing to its proven safety from long-term use. Thus, it can be a
more desirable therapeutic agent for FGIDs.

A variety of herbs can be used as therapeutic agents for FGIDs
and are presumed to target the GI system, as proposed by
traditional medicines in numerous countries. However, this
paper only discusses drugs whose mechanism of action was
demonstrated by various preclinical studies and proved
effective by clinical trials. Herbs with potential indications not
covered in this review require further research and validation.

METHODS

A PubMed literature search was performed using the following
terms individually or in combination: STW, STW-5, Iberogast,
peppermint, peppermint oil, menthol, Mentha, Rikkunshito,
Yukgunja-tang, Liu-Jun-Zi-Tang, DA-9701, Motilitone,
esophagus, stomach, small intestine, colon, dyspepsia, nausea,
abdominal pain, gastroesophageal reflux disease, esophagitis,
irritable bowel syndrome, constipation, and functional
gastrointestinal disorders. In the case of motilitone, published in
Korean were additionally searched. More than 250 references were
initially reviewed. Following removal of references that overlapped
between searches and those lacking original data, the authors agreed
on inclusion of 111 references based on which the information has
been presented within this manuscript. The Jadad score were
calculated by two investigators (YSK and HSR) independently to
assess the quality of each included study (10).

RESULTS
STW-5 (IBEROGAST®)

STW-5 is liquid preparation made from extracts of nine well-
known herbs, obtained using alcohol and combined at a fixed
ratio. It has been used clinically in German-speaking countries
for over several decades and is sold in Europe as an over-the-
counter medication (11). The liquid extract contains unique
constituents, including fresh plant extract of bitter candytuft
(Iberis amara) and extracts from eight dried herbs, including
angelica roots (Angelicae radix), chamomile flowers (Matricariae
flos), caraway fruit (Carvi fructus), St. Mary’s thistle fruit (Cardui
mariae fructus), balm leaves (Melissae folium), peppermint leaves
(Menthae x piperitae), greater celandine (Chelidonii herba), and
licorice root (Liquiritiae radix), generated using a defined
extraction method with fixed amounts of components (12).
Various plant components display single effects, and their
interactions have also been predicted. Therefore, STW-5 has
shown therapeutic effects through multiple mechanisms in
several preclinical studies and clinical trials for a wide range
of symptoms.

Mechanisms of Action

Effects on Gastrointestinal Motility and Sensation

In an animal study that used stomach muscle strips of guinea
pigs, STW-5 was shown to act directly on muscles rather than
exert neural mechanisms of action, as it was not affected by
concomitant treatment with tetrodotoxin, capsaicin, or N-nitro-
l-arginine methyl ester (L-NAME). STW-5 inhibited and relaxed
muscle activity dose dependently in the fundus area of the
stomach but enhanced the amplitude of phasic contraction in
the antrum area (13, 14). In a study with healthy volunteers,
administration of STW-5 1.1 ml (20 drops) in nine subjects led to
a significant increase in proximal gastric volume measured with a
gastric barostat. It also increased the antral pressure wave from
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antroduodenal manometry using 16-channel catheter in 12
subjects, but did not cause any change in pyloric or duodenal
pressures and gastric emptying (GE) measured by scintigraphy
(12). In an experiment that used an ileal muscle strip isolated
from guinea pigs, STW-5 showed spasmolytic properties by
reducing acetylcholine- and histamine-induced contractions.
However it increased the basal resting tone and contraction of
the atonic segment through its component Iberis amara extract.
Thus, STW-5 exerted dual activity with spasmolytic and tonic
effects depending on the basal tone of the intestine and these
effects were also observed in the duodenum, jejunum, and colon
(15). In the large and small intestines of mice, STW-5 reduced
the amplitude and frequency of slow waves (16). The target sites
in the intestine were 5-HT,, 5-HT;, muscarinic M3, and opioid
receptors (17).

In an in vivo experiment that used Wister rats, extracellular
multi-unit intestinal afferent nerve recordings were performed in
anesthetized animals. When the afferent nerve discharge was
measured after applying stimuli such as ramp distension,
bradykinin, or serotonin, STW-5 reduced the afferent nerve
discharge that occurred in response to the chemical and
mechanical stimuli without affecting the baseline discharge (18).

Effects on Inflammation and Mucosal Function

STW-5 reduced the incidence of gastric ulcer and inflammation
by reducing the indomethacin-induced acid hyper-production
and increasing leukotrienes, mucin secretion, and prostaglandin
E, release in Wistar rats (19). Its inhibitory effects on intestinal
inflammation were also validated in the dextran sulfate sodium-

and trinitrobenzenesulfonic acid (TNBS)-induced colitis models
(20, 21). In the Ussing chamber study that used human intestinal
tissues, STW-5 exerted a pro-secretory effect by increasing
epithelial chloride fluxes through the cystic fibrosis
transmembrane conductance regulator and calcium-activated
chloride channels, showing therapeutic potential for
constipation symptoms (22).

Clinical Studies

Functional Dyspepsia

In a multicenter placebo-controlled double-blind study
conducted in Germany, either STW-5 or placebo was
administered in 315 patients with FD by Rome II criteria for 8
weeks after a 7-day washout period. The validated GI symptom
(GIS) scale that incorporated 10 dyspeptic symptoms was used to
assess symptom severity using a 5-point Likert scale. After 4 and
8 weeks, the GIS score significantly decreased (p < 0.05) in the
STW-5 group as compared with the placebo, and this effect was
independent of Helicobacter pylori (H. pylori) status. However,
no primary efficacy parameters were used except for the GIS
score, and the percentage of responders (based on the
improvement of the GIS scores by >40%) was very high in the
placebo group (78%) (23) (Table 1). In a multicenter placebo-
controlled double-blind study with 103 patients with FD by
Rome II criteria, the GIS score decreased after 4 weeks of STW-5
administration and the percentage of treatment responders by
STW-5 was 75%, which was higher than the 54% in the placebo
group (p = 0.03). However, the difference in mean GIS score was
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TABLE 1 | Summary of clinical trials of STW-5.

Subject Design County Comparison Number Outcome Ref. Jadad
score
FD by Multi-center, randomized,  Germany STW-5 1.1 ml (20 drops) 168:1567  «  Improvement of GIS score (p < 0.05) von Arnim et al. (23) 5
Rome Il double-blind, placebo- t.i.d., 8 weeks vs. placebo ¢ H. pylori did not influence the results
controlled
FD by Multi-center, randomized,  Germany STW-5 1.1 ml (20 drops) 44:42 *  Improvement of GIS score (p = 0.08) Braden et al. (24) 4
Rome Il double-blind, placebo- ti.d., 4 weeks vs. placebo and the proportion of patients with a
controlled treatment response (p = 0.03)
*  Effects of STW-5 were not mediated
by accelerating GE
IBS by  Multi-center, randomized, Germany STW-5 1.1 ml (20 drops)  51:52:63:52 « STW 5 and STW 5-II were Madisch et al. (25) 5
Rome Il double-blind, placebo- ti.d., 4 weeks vs. STW-5- significantly better than placebo in

controlled [111.1 ml (20 drops) t.i.d., 4
weeks vs. bitter candytuft
mono-extract 1.1 ml (20
drops) t.i.d., 4 weeks vs.

placebo

reducing the total abdominal pain
score (STW 5, p = 0.0009; STW 5-II,
p = 0.0005) and the irritable bowel
syndrome symptom score (STW 5,
p =0.001; STW 5-II, p = 0.0003)

FD, functional dyspepsia; GIS, gastrointestinal symptom; t.i.d., three times a day; GE, gastric emptying.

only 2.2 point, and no correlation was observed between
symptom improvement and GE measured using the
13C-octanoic acid breath test (24).

Irritable Bowel Syndrome

In a randomized, double-blind placebo-controlled multicenter
trial conducted in Germany, STW-5 and STW-5-II were
administered to 208 patients with IBS by Rome II criteria.
Changes in total abdominal pain scores and IBS symptom
score, which incorporated eight symptoms (flatulence/
meteorism, sensation of tension or fullness, sensation of
incomplete evacuation, changes in bowel habit) defined by the
authors, were measured using a 4-point Likert scale. The results
showed that the total abdominal pain score (STW-5, p = 0.0009;
STW-5-1II, p = 0.0005) and the IBS symptom score (STW-5, p =
0.001; STW-5-II, p = 0.0003) improved after 4 weeks (25).

Safety

In a clinical study with 315 patients with FD that was conducted in
Germany, no significant difference in overall tolerability was
observed after the administration of STW-5 for 8 weeks as
compared with the placebo group. Adverse effects such as
abdominal pain, pruritus, sore throat, alopecia, hypersensitivity,
hypertension, and GI pain were observed in five patients (23). In a
study with 103 patients with FD, 8 adverse events showed possible
or probable relationships, including 3 adverse events (stomatitis,
abdominal pain, and diarrhea) in the STW-5 group and 5 adverse
events (rhinitis, diarrhea, dyspepsia, vomiting, and genitourinary
tract infection) in the placebo group (24). In a study with 208
patients with IBS, only 2 minor adverse events (headache and
constipation) were reported, and the treatment was continued
(25). However, there were recent reports of severe hepatotoxicity
associated with the use of this drug (26, 27), which is possibly
related with greater celandine, one of the extracts used in STW-
5 (28).

Usage
A commercially available STW-5 preparation (Iberogast®,
Steigerwald GmbH, Darmstadt, Germany) is a dark brown,

clear to lightly cloudy liquid supplied in a brown glass bottle
and administered at the recommended dose of 1.1 ml (20 drops),
three times daily (24, 25).

Peppermint Oil

Mint plants have a long history of medicinal use as stomach
soothers and anecdotal evidence of its purported efficacy
abounds to this day (29, 30). Peppermint is a perennial herb
(Mentha x piperita) that grows throughout Europe and North
America. Usually, peppermint is a sterile hybrid of two mints,
spearmint (Mentha spicata) and water mint (Mentha aquatica)
(31). Peppermint oil (PMO) is obtained by steam distillation
from the fresh leaves of peppermint (30). It contains a large
number (> 80) of components including menthol (35-55%),
menthone (20-31%), menthyl acetate (3-10%), cineol, and
several other volatile oils (31-33). Its major constituent and
active ingredients appear to be menthol that in nature exists as a
pure stereoisomer (32). Owing to the various constituents of
peppermint, it has a variety uses, including topical application as
an antiseptic and analgesic, inhalation as aromatherapy, and oral
formulation for treatment of headache and various FGIDs such
as IBS.

Mechanisms of Action

Effects on Gastrointestinal Motility

Many lines of evidence to date suggest that PMO acts as a
smooth muscle relaxant of the GI tract (32). In vitro research has
indicated that both PMO and its constituent menthol exert
calcium channel blocking properties in guinea pig ileal smooth
muscle, contributing to intestinal smooth muscle relaxation (34).
Another study also suggested that PMO markedly attenuated
contractile responses in the guinea pig tenia coli to acetylcholine,
histamine, 5-hydroxytryptamine, and substance P (35). They
suggested that the PMO relaxes GI smooth muscle by its ability
to decrease the influx of extracellular calcium ions through
voltage-dependent channels (32, 35). In addition, PMO may
affect the enteric nerve system directly. In an experiment using
the mouse small intestine, menthol induced membrane potential
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depolarization in a concentration-dependent manner using
cultured interstitial cells of Cajal (ICC), the pacemaker cells of
the GI tract (36). The authors also identified that PMO acts
on ICC by a G-protein-, Ca®*-, Rho-kinase-, COX-, and
thromboxane A, dependent manner via transient receptor
potential ankyrin 1 (TRPA1), which may explain the
promoting effect on GI motility.

In addition, there is also evidence indicating that PMO
decreases small bowel contractility and attenuates orocecal
transit. Both duodenally instilled and given orally PMO
decreased duodenal contractions in a double contrast barium
study and manometry (37-39). Furthermore, a study using
hydrogen breath testing showed that the PMO combination
with caraway oil had delayed orocecal transit in healthy
volunteers (40). Similarly, PMO decreased colonic spasm and/
or peristalsis. A randomized trial of endoscopy evaluated
inhibition effect of intraluminally administrated PMO on
colonic motility during colonoscopy using the barostat balloon
and endoscopic evaluation (41). Although the duration of
relaxation was short, about 20 minutes, the authors found
peristalsis and spasm of the colon were diminished after
administration of PMO.

Effects on Visceral Sensitivity

Peppermint (via menthol) is a well-known topical analgesic.
Some studies show that PMO can attenuate visceral pain in
animal models (42, 43). An animal study showed that the
combined treatment of peppermint and caraway oil had a
significant effect on the reduction of post-inflammatory
visceral hyperalgesia in rats that had been pretreated with
TNBS/ethanol (43). Recent studies have suggested that the
reduction of visceral pain by menthol is mediated through the
TRPMS8 and/or TRPALI receptor (42, 44).

Effects on Esophageal and Gastric Function

An early study demonstrated that PMO decreased esophageal
body and lower esophageal sphincter (LES) pressure based on
esophageal manometry in healthy adults (45). Likewise, orally
administered PMO reduced spasm of the esophagus in double-
contrast barium meal examination (37). Another study using
esophageal manometry demonstrated that PMO did not affect
the esophageal body and LES pressures in patients with diffuse
esophageal spasm despite improvement of manometric findings
(46). Given orally or topically sprayed PMO also decreased
spasm of the sto mach (37, 47). Some studies using
manometry and/or barostat have demonstrated various effects
on the gastric physiology such as decreased intragastric pressure,
decreased gastric motility index, with no change in gastric
accommodation (38, 39, 48). However, studies addressing the
effects of PMO on GE have shown mixed results (40, 49).

Psychological Effects

Although there have been no studies in humans demonstrating
the mood modulating effects, some studies in rodents have
suggested that menthol has dose-dependent anxiolytic effects
by acting on dopamine signaling pathways (50-52). A study in
rodents demonstrated that menthone, a constituent of PMO,
promotes ambulation in mice and dopamine might be involved

effects inducing mental excitation and thereby reducing mental
fatigue (50). Thus, PMO could help change mood by reducing
mental fatigue. This may be another mechanism through which
PMO activity targets the brain-gut axis in the common
pathogenesis of various FGIDs.

Clinical Studies

Irritable Bowel Syndrome

A prospective, double blind, placebo-controlled randomized trial
with 57 patients with IBS by Rome II criteria showed that 64% of
patients receiving enteric-coated PMO and 34% of placebo users
experienced a reduction in the total IBS symptom score at 4
weeks of 250% (p < 0.002) in the intention-to-treat population
(54) (Table 2). They also assessed the symptom score at 4 weeks
after the end of treatment (8 weeks) and found a persisting
beneficial effect at 8 weeks (p < 0.05). Another randomized
double-blind placebo-controlled study on 90 outpatients with
IBS by Rome II criteria was conducted to demonstrate the
efficacy of PMO on QoL (55). Patients were randomly assigned
to receive one capsule of Colpermin® (Tillotts Pharma, Ziefen,
Switzerland) or a placebo three times daily for 8 weeks. They
examined the effectiveness of PMO in terms of relieving
symptoms and improving QoL using a questionnaire
addressing six IBS symptoms and the 36-item Short Form
Health Survey (SF-36) for QoL. At week 8, 42.5% of patients
receiving PMO and 22.2% of patients receiving placebo were free
from abdominal pain or discomfort (p < 0.001). However, there
were no significant between-group differences detected in other
IBS symptoms such as abdominal distension, flatulence, loose
stool, hard stool, urgency, and incomplete evacuation. Although
overall scores of SF-36 for the two groups were not significantly
different, patients in the PMO group showed improvements in
the SF-36 domains of bodily pain, general health, social
functioning, and role limitations due to emotional problems.

A recent study reported the findings of a 4-week randomized
controlled trial which tested a novel formulation of PMO designed
for sustained release in the small intestine (IBgard®, IM
HealthScience, Boca Raton, FL, USA) for its efficacy and
tolerability in reducing IBS symptoms in 72 patients with mixed
IBS (IBS-M) or IBS with diarrhea (IBS-D) by Rome III criteria
(56). The specialized enteric-coating utilized in their trial consisted
of a solid-state matrix that was triple-coated and designed to
deliver PMO with sustained release to the small intestine with
fewer potential adverse effects. At trial completion, there was a
40% reduction in the total IBS symptom score in the PMO group
compared to baseline vs. 24.3% with placebo (p = 0.0246).
Moreover, there was an increased improvement in multiple
individual GI symptoms, as well as in severe or unbearable
symptoms compared to the placebo.

Similarly, some meta-analyses have shown PMO to be
effective in IBS, the number needed to treat (NNT) ranged
between 2 and 3 (60-62). In most recent meta-analysis of 12
randomized controlled trials with 835 patients with IBS, the risk
ratio (RR) for the effect of PMO (n = 253) versus placebo (n =
254) on global symptoms was 2.39 (95% CI 1.93-2.97, p <
0.00001) (63). Overall, there were no differences in the

Frontiers in Psychiatry | www.frontiersin.org

115

July 2020 | Volume 11 | Article 601


https://www.frontiersin.org/journals/psychiatry
http://www.frontiersin.org/
https://www.frontiersin.org/journals/psychiatry#articles

Kim et al.

Herbal Therapies in FGIDs

TABLE 2 | Summary of clinical trials of peppermint oil.

Subject Design County Comparison Number Outcome Ref. Jadad
score

IBS based Single center, Taiwan  Peppermint oil 137 25:49 «  Symptom improvements after peppermint oil Liu et al. (53) 4
on randomized, double- mg t.i.d. or g.i.d., therapy were significantly better than after
symptoms  blind, placebo- a.c., 4 weeks vs. placebo.

controlled placebo
IBS by Single center, Italy Peppermint oil 450 28:29 + A 4-week treatment with peppermint oil is more Cappello et al. (54) 4
Rome I randomized, double- mg b.i.d., a.c., 4 effective than placebo in reducing abdominal

blind, placebo- weeks vs. placebo symptoms related to IBS.

controlled
IBS by Single center, Iran Peppermint oil 187 33:27 +  Severity of abdominal pain and discomfort were Merat et al. (55) 5
Rome I randomized, double- mg ti.d., a.c., 8 reduced significantly in the peppermint oil group.

blind, placebo- weeks vs. placebo «  Peppermint oil significantly improved the QoL.

controlled
IBS by Multicenter, USA Peppermint oil 180 35:37 + Patients treated with peppermint oil experienced Cash et al. (56) 5
Rome Il randomized, double- mg t.i.d., 4 weeks vs. greater improvement in multiple individual

blind, placebo- placebo gastrointestinal symptoms as well as in severe or

controlled unbearable symptoms, compared to placebo.
Childhood  Multicenter, USA Peppermint oil 374 21:21 «  After 2 weeks, improvements in the change of Kiine et al. (57) 3
IBS by randomized, double- mg or 187 mg t.i.d., symptom scale were reported in 71% of the
Manning blind, placebo- 2 weeks patients receiving peppermint oil compared with
or Rome Il controlled Vs. 43% receiving placebo with statistical

placebo significance.

FD based  Single center, Germany Peppermint ol 900 mg  48:48 «  For the major symptoms (intensity of pain, May et al. (58) 5
on randomized, double- and caraway oil 50 sensation of pressure, heaviness and fullness,
symptoms  blind, placebo- mg b.i.d., 4 weeks and global improvement), the superiority of

controlled vs. placebo combination therapy of peppermint oil and

caraway oil over placebo was statistically
significant.

FD by Multicenter, Germany Peppermint ol 90 mg  58:56 +  Compared to placebo, 4-week treatment with Rich et al. (59) 5
Rome Il randomized, double- and caraway oil 50 peppermint oil and caraway oil therapy

blind, placebo- mg b.i.d., 4 weeks significantly reduced symptoms of epigastric

controlled vs. placebo pain and postprandial distress and improved the

participants’ QoL.

IBS, irritable bowel syndrome; t.i.d., three times a day; q.i.d., four times a day; b.i.d., two times a day; a.c., before meal; QoL, quality of life; FD, functional dyspepsia.

reported adverse effects, PMO (9.3%) versus placebo (6.1%). The
NNT with PMO was three for global symptoms and four for
abdominal pain.

Functional Dyspepsia

To our knowledge, no study has determined whether PMO alone
is useful in patients with FD. However, some randomized
controlled trials have shown PMO to be effective for FD when
used in combination with other herbal remedies such as STW5-II
and caraway oil (58, 59, 64). Recently, a randomized placebo-
controlled trial with 114 outpatients with chronic or recurrent
FD demonstrated that a fixed peppermint and caraway- oil
combination (Menthacarin) treatment is effective for the relief
of FD symptoms and improvement of disease-specific QoL (59).
After 4 weeks of treatment, pain and discomfort scores improved
by 7.6 £ 4.8 and 3.6 + 2.5 points for Menthacarin and by 3.4 + 4.3
and 1.3 £ 2.1 points for placebo (all p < 0.001), respectively.

Safety

PMO has been used safely for various conditions in short-term
clinical trials. Menthol, the major constituent of PMO, is also
listed as generally regarded as safe by the US Food and Drug
Administration. In a randomized controlled trial with 90 patients
with IBS, the most common adverse events of PMO treatment

group were heartburn, headache, and dizziness. However, these
were not significantly different in the two groups (55). However,
PMO is relatively contraindicated in patients with hiatal hernia
or significant GERD, because its effects on the lower esophageal
sphincter can lead to exacerbation of symptoms (31). Especially,
when non-coated PMO is taken orally, it can cause heartburn,
nausea, and vomiting. The effective delivery method to the target
organ by enteric coating is believed to prevent or reduce these
upper GI symptoms as well as improve PMO efficacy (31). Even
in the enteric coated formulation, heartburn could develop
because of the premature rupture of capsules containing PMO
(41). High concentrations of PMO have been reported to cause
anal burning (65). Other minor adverse effects of PMO reported
in clinical trials include allergic reactions and blurred vision.
Because PMO may inhibit the cytochrome P450 system, it
theoretically could lead to increased serum levels of drugs such
as amitriptyline, haloperidol, and cyclosporine which are
metabolized by this enzyme (66, 67). However, this interaction
has not been proven in humans.

Usage
The dosage of PMO for the treatment of GI diseases usually
ranges from 0.2 to 0.4 ml, three times a day. The oral dosage
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range studied in most IBS trials was 187 to 500 mg (0.2-0.4 ml)
administered two or three times daily for 2 to 8 weeks (53-55).
To secure the availability of unmetabolized PMO at the target
organ, a lower digestive tract in IBS, enteric-coated formation
such as Colpermin® and Mintoil® (Cadigroup, Rome, Italy)
capsules have been developed and have been widely used in
clinical trials or real-world practice (54, 55). Each capsule of
Colpermin® and Mintoil® contains 187 mg and 225 mg PMO,
respectively. These formulated capsules are usually administered
30 to 60 min before meals in order to guarantee low gastric pH
which prevents untimely capsule dissolution with premature
release of PMO into the stomach (54). In FD, most trials used
a dose of 90 mg of PMO in combination with 50 mg of caraway
oil (58, 59).

Rikkunshito

Rikkunshito (RKT; Rikkunshi-to in Japan, Yukgunja-tang in
Korea, Liu-Jun-Zi-Tang in China) is one of the more famous
herbal formulas in traditional medicine. It has been prescribed
for hundreds of years to alleviate abdominal discomfort due to
indigestion (68). In Japan, RKT has been widely used and
marketed to treat various symptoms of the GI tract (69). The
Japanese Ministry of Health and Welfare gave RKT approval for
medical use (TJ-43, Tsumura & Co., Tokyo, Japan) (70).

RKT is a form of extracted granules for oral intake, containing
4.0 g of dried mixture consisting of eight crude herbs in fixed
proportions (71): Pinelliae tuber (18.6%), Ginseng radix (18.6%),
Atractylodis lanceae rhizoma (18.6%), Hoelen (18.6%), Aurantii
nobilis pericarpium (9.3%), Zizyphi fructus (9.3%), Glycyrrhizae
radix (4.7%), and Zingiberis rhizoma (2.3%) (72, 73). RKT has
been shown to reduce GI symptoms including dyspeptic or reflux
symptoms, as well as improve fundic relaxation, GE, and antral
contractions (74). It has been suggested that RKT shows
synergetic effects through a complex interactive pathway by
each component (75, 76).

Mechanisms of Action

Effects on Esophageal Sensory and Motor Function

RKT has been shown to suppress dilation of the intercellular
space and to improve the barrier function of esophageal mucosa
in an experimental rat esophagitis model (77). In a study with
eight children with symptomatic gastroesophageal reflux, a 7-day
administration of RKT reduced clinical symptoms and acid
exposure time in the distal esophagus in 24-h esophageal pH
monitoring tests, by activating esophageal acid clearance
mechanisms (78). In a pilot study of 30 patients with proton
pump inhibitor (PPI)-refractory non-erosive reflux disease
(NERD), 8 weeks of RKT treatment improved esophageal
clearance by reducing the residual LES pressure during
swallows, and increasing complete bolus transit rate and
peristaltic contractions rate in esophageal multichannel
impedance and manometry (79).

Effects on Plasma Ghrelin Level

RKT, an endogenous ghrelin enhancer (80), exerts orexigenic
effects by ghrelin secretion to stimulate food intake (71). It has
been prescribed to treat nausea, vomiting, and anorexia (73).

Moreover, RKT prevents plasma acylated-ghrelin levels from
decreasing against cisplatin and increases appetite and food
intake in the rat (81). RKT likely has an effect on activating
ghrelin secretion and also reduces inactivation of ghrelin (82). A
study with FD patients showed that a lower plasma des-acyl
ghrelin level at baseline were associated with the higher efficacy
of RKT (83). Also, RKT alleviated dyspeptic symptoms in FD
patients with an increase of acylated-ghrelin levels (84). In
addition, RKT was beneficial for aging-related decrease in food
intake via ghrelin activity (85).

Effects on Gastric Motor Function

The effect of RKT on gastric relaxation is mediated by 3,- and f3;-
adrenergic pathways, which are associated with smooth muscle
relaxation (86, 87). Furthermore, RKT had a relaxant effect on
fundus smooth muscles of isolated rat stomach, triggered by
activation of the Ca**-activated K" channel (88). RKT has been
shown to enhance gastric adaptive relaxation in the isolated
guinea pig stomach (89).

RKT was shown to ameliorate delayed GE induced by N(G)-
nitro-L-arginine (L-NNA), a nitric oxide (NO) synthase
inhibitor, in rat. The hesperidin and L-arginine was identified
as an active ingredient of RKT contributing to the increase in GE
(90). Moreover, hesperidin, the major active component of
RKT, was identified to stimulate contraction of intestinal
smooth muscle mediated via 5-HT; receptor pathway and
acetylcholine release (75). The administration of RKT on
normal and vagotomized dogs activated GI contractions during
the interdigestive state and enhanced GE (91). In patients with
FD, RKT improved gastric accommodation reflex and GE rate
assessed by extracorporeal ultrasonography. In summary, RKT
may be beneficial for treating GI dysmotility disorders, acting as
a prokinetic agent (74).

Effects on Bile Salts

RKT showed a great binding capacity for bile salts and may
prevent esophageal mucosal damage by bile acid exposure. It can
be useful for the treatment of refractory GERD and duodeno-
gastroesophageal reflux (92). This observation suggests that RKT
may alleviate bile acid-induced mucosal hypersensitivity (93).

Effects on Stress-Induced Gastrointestinal Dysfunction

RKT can alleviate both GI and psychological symptoms in FD
patients (94). First of all, physical or psychological stress can
cause an imbalance in plasma ghrelin levels and decreasing
gastric motility (95, 96). RKT may be beneficial for delayed GE
induced by stress (97). Anxiety and stress can also induce
dysfunction of the GI tract such as impairment of gastric
accommodation (98, 99). RKT can modulate stress-induced
gastric hypersensitivity and improving gastric accommodation
(94). Moreover, it was shown that RKT improved GE through
antagonistic activities on corticotropin-releasing factor receptor
1, 5-HT,p,5c receptors, and 5-HT; receptor in rats with delayed
GE and anorexia model (75, 81, 100).

In a healthy human study to verify the effects of RKT on the
hypothalamo-pituitary-adrenal (HPA) axis, RKT significantly
suppressed plasma levels of adrenocorticotropic hormone
(ACTH) and cortisol under continual stress, and improved the
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mental component of QoL (101). FD patients have an imbalance
of autonomic nervous system function (102). RKT suppressed
increased plasma levels of neuropeptide Y, a neurotransmitter of
the sympathetic nervous system, under venipuncture stress
(103). RKT also increased the activity of efferent vagus nerve
and decreased the afferent activity of gastric vagus nerve,
meanwhile, its active ingredient atractylodin stimulated ghrelin
binding activity (104).

Clinical Studies

Functional Dyspepsia

In a randomized, placebo-controlled trial with 42 chronic
idiopathic dyspepsia patients in Japan, RKT had a prokinetic
action to improve GE, evaluated by the acetaminophen
absorption method, and reduced upper GI symptoms
(epigastric fullness, heartburn, belching, and nausea) compared
to placebo (105) (Table 3). The first randomized, double-blind,
placebo-controlled trial in Japan, 247 patients with FD by Rome
III criteria, the administration of RKT for 8 weeks ameliorated
symptoms of FD, especially epigastric pain and postprandial
fullness. In addition, it showed a tendency whereby RKT was
more effective among H. pylori-infected patients than the
uninfected, providing a basis for different mechanisms of each

symptom and treatment strategy depending on the of H. pylori
infection (69). The Japanese DREAM study, a multi-center,
randomized, double-blind, placebo-controlled trial, showed
that RKT significantly improved dyspeptic but also
psychological symptoms in 128 FD patients by Rome III
criteria without H. pylori infection. After an 8 week RKT
treatment, significant improvement was reported compared to
placebo. RKT reduced upper GI symptoms especially
postprandial fullness, early satiety, and bloating but also
anxiety. Interestingly, the improvements of psychological
symptoms were correlated with those of upper GI symptoms
(106). In conclusion, RKT can be more useful for postprandial
distress syndrome (PDS)-type of FD (110).

Gastroesophageal Reflux Disease

A randomized, parallel comparative trial in Japan with 104 PPI-
refractory GERD patients showed that the effect of RKT with
standard dose of PPI on decreasing acid-related dysmotility
symptom and reflux symptom was similar to that of a double
dose of PPI. Particularly, this effect was greater in male NERD
patients and in NERD patients with low body mass index (BMI <
22) (107). In a multi-center, randomized, double-blind, placebo-
controlled study with 242 Japanese PPI-refractory NERD

TABLE 3 | Summary of clinical trials of rikkunshito.

Subject Design County Comparison Number Outcome Ref Jadad

score

Chronic Single-center, Japan  Rikkunshito 2.5 g t.i.d., 22:20 +  Rikkunshito increased gastric emptying. Tatsuta 1

idiopathic randomized, a.c., 7 days vs. placebo *  Rikkunshito reduced gastrointestinal symptoms. et al. (105)

dyspepsia placebo-controlled (Combizym)

FD by Rome Il Multi-center, Japan  Rikkunshito 2.5 g t.i.d., 125:122 +  Rikkunshito improved dyspeptic symptoms, such Suzuki 5
randomized, a.c., 8 weeks vs. placebo as epigastric pain and postprandial fullness. et al. (69)
double-blind, 2.5gtid, a.c., 8 weeks
placebo-controlled

FD by Rome Il Multi-center, Japan  Rikkunshito 2.5 g t.i.d., 8 64:61 +  Rikkunshito alleviated dyspeptic and psychological Tominaga 4

without H. pylori  randomized, weeks vs. placebo 2.5 g symptoms at the same time. et al. (106)

infection, severe double-blind, t.i.d., 8 weeks

heartburn, and  placebo-controlled

depression

PPI-refractory Multi-center, Japan  Rikkunshito 2.5 g t.i.d. + 48:51 «  Improvement effect of rikkunshito combined with a Tominaga 3

GERD randomized, parallel rabeprazole 10 mg q. d. 4 standard dose of PPl was similar with double dose et al. (107)
comparative weeks vs. rabeprazole 20 of PPI.

mg gD 4 weeks

PPI-refractory Multi-center, Japan  Rikkunshito 2.5 g t.i.d. + 109:108 «  Rikkunshito combined with PPl improved mental Tominaga 5

NERD randomized, rabeprazole 10 mg qg.d. 8 health in non-obese patients and acid-related etal (73)
double-blind, weeks dysmotility symptoms in female and the elderly.
placebo-controlled vs.

placebo 2.5 g t.i.d. +

rabeprazole 10 mg q.d. 8

weeks
PPI-refractory Multi-center, open-  Japan  Rikkunshito 2.5 g t.i.d. + ¢ Rikkunshito combined with PPl reduced dyspeptic Kawai 0
GERD labeled PPI (rabeprazole 20 mg symptoms and improved QoL on eating and sleep. et al. (108)

g.d. lansoprazole 30 mg

g.d. omeprazole 20 mg

g.d.) 6-8 weeks

PPI-refractory Single-center, Japan  Rikkunshito 2.5 g t.i.d. 4 11:11  «  Rikkunshito reduced globus sensation. Tokashiki 2

LPR randomized, parallel weeks vs. Rikkunshito 2.5 «  Rikkunshito enhanced delayed gastric emptying. et al. (109)
comparative g t.i.d. + lansoprazole 30

mg g.d. 4 weeks

FD, functional dyspepsia; GERD, gastroesophageal reflux disorder; PPI, proton pump inhibitor; NERD, non-erosive reflux disease ;q.d., once a day;t.i.d., three times a day; a.c., before

meal; QoL, quality of life; LPR, laryngopharyngeal reflux.
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patients, the RKT combination group (standard dose of PPI plus
RKT) improved the mental QoL component compared to the
placebo group (standard dose of PPI plus placebo) at 4 weeks.
However, the improvements of GERD symptoms were not
significantly different between these groups. Through subgroup
analysis, it was especially noteworthy that the mental-related
scores in non-obese patients (BMI < 22) and acid-related
dysmotility symptoms in female and the elderly (> 65 years)
were more improved in the 8 week RKT group (73). It can also be
suggested that RKT is more effective with postprandial
symptoms (heavy feeling in stomach, sick feeling, and
heartburn after meals) in elderly NERD patients (111). In
addition, a clinical study conducted in 47 Japanese patients
with PPI-refractory GERD treated for more than 8 weeks
showed that the addition of RKT to PPI therapy for 6-8 weeks
improved heartburn, fullness, abdominal discomfort, and
abdominal pain as well as QoL for meals and sleep (108).
Meanwhile, a randomized, parallel comparative trial conducted
in 22 Japanese patients with PPI-refractory laryngopharyngeal
reflux showed that the 4 week RKT treatment alleviated globus
sensation, regardless of PPI co-administration. In addition, RKT
enhanced delayed GE in positive correlation with the
improvement of globus sensation (109).

Safety

In a meta-analysis of randomized controlled trials, there were
few drug-related severe adverse events reported in the included
studies (112). However, it is important to note that RKT should
be administered by taking into account symptoms, age,
pregnancy potential, and concomitant medications of
the patient.

Usage

The standard RKT dose for adults in general practice is 7.5 g/day
is containing 4.0 g of dried mixture consisting of eight crude
herbs in fixed proportions. In Japan and several clinical trials, the
standard RKT dose for adults in general practice is 7.5 g/day (2.5
g three times a day) with a proper volume of water before or
between meals for 8 weeks (73, 74, 107). The dosage may be
adjusted according to the patient’s age, body weight, and
symptoms (106).

DA-9701 (Motilitone®)

DA-9701 is a new herbal drug developed in South Korea that
received New Drug Application approval in May 2011 from the
Korean Food and Drug Administration (113). It is formulated
with ethanolic extracts of Pharbitidis semen from the seeds of
Pharbitis nil Choisy and Corydalis tuber from the roots of
Corydalis yanhusuo W. T. Wang (114) These two herbs have
been commonly used in traditional medicine in China, Korea, and
Japan for abdominal and gynecological symptoms. Pharbitidis
semen has been used as an analgesic for the abdomen and a
stimulant of intestinal peristalsis (114). Corydalis tuber has been
used as an analgesic or anti-spasmodic agent for the GI tract (115).
Moreover, it has been known to have an effect on gastric secretion

and prevention of ulcer (116). The active ingredients of DA-
9701 include chlorogenic acid in Pharbitidis semen and corydaline
and tetrahydropalmatine in Corydalis tuber. The pharmacological
study has demonstrated that DA-9701 has dopamine
D, antagonistic activity, adrenergic o, agonist activity, 5-HT;
agonist activity, and 5-HT, agonist activity (113, 114).

Mechanisms of Action

Effects on Gastrointestinal Motility

The oral administration of DA-9701 significantly increased
semi-solid or solid GE in normal rat and mice (117, 118).
Moreover, DA-9701 restored semi-solid or liquid GE in the
apomorphine or cisplatin-induced delayed GE rat model (117).
Immobilization induced delayed GE was also reversed by oral
administration of DA-9701. A study with strain gauge force
transducer in the antrum of rat showed that oral administration
of DA-9701 improved the clonidine-induced hypomotility of the
gastric antrum, but it showed no effect on antral motility in
normal conditions (119).

The effect of GE in healthy volunteers was investigated using
gastric magnetic resonance imaging in a randomized, double-
blind, placebo-controlled trial (120). After administration of 60
mg of DA-9701 or placebo t.i.d. for 7 days, GE was significantly
enhanced in DA-9701 group compared to the placebo group. In
another randomized, double-blind, controlled trial with patients
with Parkinson’s disease, 30 mg of DA-9701 three times per day
before meals for 4 weeks significantly increased GE, while
domperidone showed no effect (121). The concentration of
plasma levodopa was increased in the DA-9701 group only,
though it was not statistically significant.

DA-9701 also increased small intestinal motility in an animal
study. In vitro study with ileal muscle strip of guinea pig showed
that DA-9701 increased contractility in normal condition as well
as morphine pre-treated hypomotility state (122). In
postoperative ileus or atropine-induced delayed GI transit
model of rat and guinea pig, oral administration of DA-9701
restores delayed transit (117, 122, 123). In contrast to the
pathologic condition, only high dose of DA-9701 increased GI
motility in the normal condition (117, 123). The DA-9701
seemed to influence active ghrelin levels in the stress or post-
operative ileus rat model (123, 124). In addition, the central
corticotropin-releasing factor pathway may mediate the
improvement in GI transit and the inhibition of plasma ACTH
levels by DA-9701 in the postoperative ileus guinea pig
model (125).

Effects on Gastric Accommodation

An in vivo study with Beagle dogs showed that oral
administration of DA-9701 induced proximal gastric relaxation
and shift the pressure-volume curve to left similar to the
intravenous administration of cisapride (117). Another study
with Beagle dog showed that oral administration of DA-9701
induced gastric accommodation dose-dependently during the
postprandial phase similar to the oral administration of
sumatriptan (126). Restraint stress-induced feeding inhibition
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was reversed by oral DA-9701, and this effect was blocked by a 5-
HT, 4 antagonist in a rat study (127). A tissue bath study using
rat gastric muscle strip suggested that the nitrergic rather than
the purinergic pathway was involved in gastric accommodation
by DA-9701 (128).

Effects on Colonic Contractility

In a tissue bath study, DA-9701 did not influence the
contractility of normal colonic muscle strips; however, it
increased the motility of distal colonic muscle strips of a
morphine pre-treated hypomotility state (122). DA-9701
increased fecal pellet output in the in vivo morphine-induced
constipation guinea pig model and improved defecatory
dysfunction in acute spinal shock state in spinal cord injury rat
model (122, 129).

Effect on Visceral Sensitivity

DA-9701 did not affect visceral perception in the normal rat.
However, in the rat with visceral hypersensitivity, which was
induced by neonatal colonic irritation, DA-9701 significantly
decreased pain threshold in a dose-dependent manner (130).

Clinical Studies

Functional Dyspepsia

Two large multicenter clinical trials for FD of DA-9701 have
been conducted in South Korea using different Rome criteria for
FD and efficacy assessment methods (131, 132) (Table 4). A
randomized, controlled, multi-center study with 462 Korean FD
patients by Rome II criteria showed that the effect of 30 mg DA-
9701 three times a day on the FD symptom was similar to 50 mg
itopride hydrochloride three times a day (131). The overall
responder rates were 37% for DA-9701 and 36% for the
itopride group at 4 weeks. DA-9701 and itopride significantly
reduced the score of all individual symptoms (upper abdominal
pain, upper abdominal discomfort, epigastric burning, inability
to finish a regular meal, fullness after eating, pressure in the
upper abdomen, bloating, and nausea) from baseline. Another
randomized, double-blind, multi-center study with 389 Korean
FD patients by Rome III criteria showed that the effect of 30 mg
DA-9701 three times a day on the FD symptom was similar to 40
mg pantoprazole once-daily (132). The global symptom
improvement rates were 60.5 and 65.6% in the DA-9701 and
pantoprazole groups at 4 weeks, respectively. Both DA-9701 and

TABLE 4 | Summary of clinical trials of DA-9701.

Subject Design County Comparison Number
FD by modified Multi-center, Korea  DA-9701 30 mg t.i.d., 228:227
Rome I randomized, a.c., 4 weeks vs.
double-blind, ltopride 50 mg t.i.d.,
controlled a.c., 4 weeks
FD by Rome Il Multi-center, Korea  Placebo PPl g.d. a.c. + 131:131:127
randomized, Motilitone 30 mg t.i.d.,
double-blind, a.c., 4 weeks
controlled vs. Pantoprazole 40 mg
q.d. a.c. + Placebo tid.,
a.c., 4 weeks
vs. Pantoprazole 40 mg
q.d. a.c.+ Motiitone 30
mg tid. a.c. 4 weeks
FD by Rome Il Multi-center, Korea  DA-9701 30 mg t.i.d., 12:18
with H. pylori-  randomized, a.c., 12 weeks vs.
positive double-blind, Eradication therapy 1
placebo- week + placebo 11
controlled weeks
Minimal Bi-center, Korea  DA-9701 30 mg t.i.d. 4 42:39
change with randomized, weeks
reflux and double-blind, vs. placebo
dyspeptic placebo-
symptoms controlled
Parkinson’s Single center, Korea  DA-9701 30 mg t.i.d., 19:19
disease randomized, a.c., 4 weeks vs.
double-blind, Domperidone 10 mg
controlled tid., a.c., 4 weeks
FC by Rome Il Single center, Korea  DA-9701 30 mg t.i.d., 33

open-labeled a.c., 24 days

Outcome Ref. Jadad
score
« DA-9701 and itopride significantly improved Choi et al. (131) 5
symptoms and QoL.
« DA-9701 was not inferior to itopride for
symptom improvement.
*  Symptoms and QoL were significantly improved Jung et al. (132) 5

with no significant difference among three groups.

«  Effect of DA-9701 therapy on FD symptom was
not different from the eradication group.

Park et al. (133) 5

*  Symptoms and QoL were improved; however,
DA-9701 was not superior to placebo.

Park et al. (134) 4

< DA-9701 significantly increased GE, but not Shinetal. (121) 5
domperidone.

« The concentration of plasma levodopa was
increased in DA-9701 group only, but not
significant.

«  Constipation-related symptoms were all significanty Kim et al. (135) 1
improved after treatment.

* Right and rectosigmoid colon transit time was
significantly decreased.

FD, functional dyspepsia; FC, functional constipation; q.d., once a day; t.i.d., three times a day; a.c., before meal; QoL, quality of life; GE, gastric emptying.
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pantoprazole significantly reduced the score of all individual
symptoms (epigastric pain epigastric soreness score, early satiety
score, and postprandial fullness) from baseline. Interestingly,
combination therapy of DA-9701 and pantoprazole did not
increase the response rate compared with DA-9701 or
pantoprazole monotherapy. Both studies demonstrated that
DA-9701 therapy significantly improved symptom-related QoL
in patients with FD.

H. pylori infection is considered a possible cause of FD
symptoms. In sub-analysis for the H. pylori-positive group in
the above clinical trial comparing DA-9701 and pantoprazole,
the response rate was significantly higher in the pantoprazole
alone and combination therapy group compared with the DA-
9701 alone group (132). While in a small study with 30 patients
with FD by Rome III criteria and H. pylori-positive, DA-9701
therapy group showed higher symptom improvement rates at 12
weeks compared with eradication group (73.3 and 60%,
respectively); however, it was not statistically different because
of the small sample number (133).

Gastroesophageal Reflux Disorder

A randomized, double-blind, placebo-controlled study for the
effect of DA-9701 on GERD was conducted in 81 patients with
minimal change esophagitis presenting with reflux and dyspeptic
symptoms (134). Although the Nepean dyspepsia index and QoL
were improved after 4 weeks, 30 mg DA-9701 three times a day
was not superior to placebo. The outcome might have been
associated with the high placebo response in patients with NERD
or FD (134). In subgroup analysis, DA-9701 significantly
improved the reflux symptom score compared to the placebo
in patients aged 65 years or older (134).

Constipation

DA-9701 has an affinity for the 5-HT, receptor, and some animal
studies have showed it increases colonic motility (122, 129). A
prospective and single-center study investigated the efficacy of
DA-9701 in 27 patients with functional constipation by Rome III
criteria (135). After administration of 30 mg DA-9701 three
times a day for 24 days, spontaneous bowel movement, stool
form, and constipation-related subjective symptoms were
improved. Moreover, right and rectosigmoid colon transit time
significantly decreased. However, this study was an open-labeled,
uncontrolled study, and most participants were young-aged
women (mean age 36.1 + 15.4 years, 93% female).

Safety

The incidence of adverse events of DA-9701 was not different
from itopride or pantoprazole in clinical trials. The reported
adverse events include nausea, diarrhea, vomiting, constipation,
pruritus, and increased alanine aminotransferase or prolactin
levels with mild severity (131, 132). There was no clinically
significant cardiovascular events in clinical studies.

Usage

In two large clinical trials, the standard dose of DA-9701
(Motilitone™, Dong-A ST, Seoul, Korea) for adults was 30 mg
three times a day before meals.

SUMMARY AND CONCLUSIONS

STW-5 normalizes the stomach and intestinal motility and
reduces inflammation and gastric acid production. These
effects partially influence the pathophysiology of the FGIDs
and their therapeutic effects have been proven in several
clinical studies. However, despite the animal experiments that
showed fundal relaxation and improvement in antral
hypomotility by STW-5, at least 250% of patients with FD did
not have delayed gastric emptying, and more patients had no
abnormalities of gastric accommodation. Although STW-5
reduces the secretion of gastric acid, gastric acid hypersecretion
is not always observed in patients with FD. Therefore, such
therapeutic effects on the motility and other functions of the GI
tract may not necessarily lead to improvement of FGID
symptoms, and well-designed clinical studies are still lacking.
However, as STW-5 has multiple mechanisms of action and
show favorable safety profiles, further studies on their roles on
pathophysiology of FGIDs will allow the use of STW-5 as a
promising alternative treatment for FGIDs, especially FD
and IBS.

Evidence from in vitro studies and clinical trials indicate that
PMO seems to alleviate IBS symptoms, mainly abdominal pain,
by relaxing smooth muscles in the gut. A recent meta-analysis
examining 12 randomized controlled trials showed that PMO
was beneficial in the management of IBS and an Asian consensus
on IBS mentioned its potential efficacy in treating IBS with a high
level of agreement (8, 63). However, any benefit of PMO remains
unclear in other FGIDs such as FD owing to the paucity of
reliable preclinical and clinical data. Furthermore, relatively
unclear mechanisms of action of the active ingredients,
unstandardized formulation, and unidentified adverse events
are currently significant challenges for its use in the treatment
of FGIDs. Relevant evidence based on rigorous studies
supporting the efficacy and safety of PMO is needed.

According to a meta-analysis of randomized controlled trials
(112), the effects of RKT on the treatment of FD were better than
prokinetic drugs, though there was lack of clinically significant
evidence due to poor quality of the included studies such as
selection bias. Nevertheless, basic research and clinical studies
have elucidated that RKT improves esophageal clearance and
motility, and promotes gastric motor activity including gastric
accommodation and emptying. It also increases ghrelin secretion
and food intake. Moreover, RKT attenuates stress-induced injury
on the GI tract via the brain-gut axis and balancing the
autonomic nervous system. Consequently, it is possible and
clinically meaningful to target RKT for subtypes of FD (e.g.,
PDS type) or specific symptoms (e.g., postprandial fullness), and
co-administration with PPI to resolve symptoms of refractory
GERD that do not respond to conventional PPI treatment may
be more effective.

Several preclinical and human studies have demonstrated that
DA-9701 increased gastric emptying and antral motility in
normal or diseased states. In addition, DA-9701 improved
gastric accommodation as well as feeding inhibition by stress.
Based on these results, subsequent clinical trials in patients with
FD demonstrated that DA-9701 was not inferior compared with
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itopride or PPI to improve FD symptoms. It was also suggested
that DA-9701 could improve symptoms of GERD and
constipation in the specific patient population. However, most
studies for the effect of DA-9701 on FD and other FGIDs have
performed only in one country. Moreover, the clinical trials for
FD recruited a large number of participants but were non-
inferiority studies. Therefore, well-designed clinical trials in
different countries and more detailed mechanical studies
should be performed in the future.

The role of herbal therapies in FGIDs is still unclear. The
active ingredients and mechanisms of action have not been fully
identified and well-designed clinical trials are insufficient.
However, herbal therapies play a role as a complementary and
alternative medicine and may find suitable application in
refractory patients. The development of various promising
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The gut microbiome is rapidly becoming the focus of interest as a possible factor involved
in the pathophysiology of neuropsychiatric disorders. Recent understanding of the
pathophysiology of schizophrenia emphasizes the role of systemic components,
including immune/inflammatory and metabolic processes, which are influenced by and
interacting with the gut microbiome. Here we systematically review the current literature on
the gut microbiome in schizophrenia-spectrum disorders and in their animal models. We
found that the gut microbiome is altered in psychosis compared to healthy controls.
Furthermore, we identified potential factors related to psychosis, which may contribute to
the gut microbiome alterations. However, further research is needed to establish the
disease-specificity and potential causal relationships between changes of the microbiome
and disease pathophysiology. This can open up the possibility of. manipulating the gut
microbiome for improved symptom control and for the development of novel therapeutic
approaches in schizophrenia and related psychotic disorders.

Keywords: gut microbiota, schizophrenia, early life events, inflammation, microbiota metabolites, stress

INTRODUCTION

The gut microbiome has recently received considerable interest, due to its potential role in
maintaining health and in the pathophysiology of chronic diseases (1). Our understanding of the
involvement of the gut microbiome in diseases is fast increasing due to the emergence of new
molecular biological techniques (2). In healthy individuals, the gut microbiome, which consists of
more than 100 trillion bacteria (3, 4), has a symbiotic relationship with enteric cells to influence
physiological function (5). The gut microbiome is highly variable between healthy individuals (3),
with twins only sharing 50% of their species-level bacterial taxa (6). This interindividual difference is

Abbreviations: C-section, Cesarean delivery; CoR, completeness of reporting; GABA, gamma-aminobutyric acid; HPA,
hypothalamic pituitary adrenal; MIA, maternal immune activation; NMDA, N-methyl-D-aspartate; OTU, operational
taxonomic units; PCoA, principal coordinate analysis; PICRUSt, Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States; PRISM-P, Preferred Items for Reporting Systematic Reviews and Meta-analysis
Protocols; RoB, risk of bias; SCFA, short-chain fatty acid; TNF, tumor necrosis factor.
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shaped through host-extrinsic, host-intrinsic, and environmental
factors (2, 3). Host-extrinsic factors include lifestyles, such as
physical activity, cultural habits, medication, and diet (2).
Environmental factors altering the microbiome include the
local environment and maternal transmission (2). Host-
intrinsic factors, which might shape the gut microbiota, are
genetics, sex, innate, and adaptive immunity, as well as
metabolic factors, i.e., body mass index (2, 7). Although
interindividual differences exist in healthy individuals, studies
have demonstrated clear separations of the gut microbiome in
chronic diseases such as individuals with allergies (8-10), celiac
disease (11), gastric cancer (12), inflammatory bowel disease (13,
14) including Crohn’s disease (15) and ulcerative colitis (3, 16),
obesity (3, 17, 18), anorexia (17, 19), and type 2 diabetes mellitus
(20) compared to healthy controls. The functional importance of
the gut microbiome was demonstrated by the transfer of the gut
microbiome from obese to germ-free mice resulting in
obesity (21).

Bidirectional communication has been well established between
the gut and the brain and its importance for maintaining neuronal,
hormonal and immunological homeostasis has been recently
demonstrated (22). A damage to the integrity of the gut-brain
communication results in altered brain function and behavior (23).
More recently, the importance of the gut-brain axis has been
highlighted as a possible contributing factor, among many others,
such as genes, early environment and nutrition, in the development
of neuropsychiatric disorders (5, 22).

Schizophrenia is a heterogeneous, chronic neurodevelopmental
psychiatric spectrum disorder influenced by a hitherto poorly
understood interaction between genetic and environmental factors
(24). Tt affects about 1 in 100 people (1%) worldwide (25). A variety
of different pathophysiological mechanisms have been proposed,
such as the dopamine hyperactivity in certain brain systems (26, 27),
impaired glutamate neurotransmission (28), and a disruption of the
brain glucose and energy metabolism (29-32). It has been
conceptualized that multiple environmental “hits” on the
background of a genetic predisposition are required for its
development (33, 34). Genome-wide association studies have
shown that schizophrenia is a polygenic disorder with a complex
array of contributing risk loci across the allelic frequency spectrum
(35, 36). Environmental events throughout development and
adulthood, such as viruses before birth, method of delivery, birth
complications, and psychosocial traumas, are important in the
pathophysiology of schizophrenia (27) and the shaping of the gut
microbiome (37-39). Most recently, a study demonstrated that mice
receiving feces from individuals with schizophrenia showed a
behavioral phenotype that is consistent with that have been seen
in animal models of schizophrenia and depression (40). This finding
demonstrates that a constituent of the fecal matter have effect of
brain function and behavior of the host and strengthen the
suggestion that the microbiome might contribute to behavioral
symptoms in psychosis (41).

In this systematic review, we summarize the most recent
findings on the gut microbiome in psychosis, including animal
models and clinical data. Furthermore, we identified potential
factors particular to psychosis, which may contribute to the

altered gut microbiome. The methodology of the studies
covered was not described in details as these were extensively
reviewed elsewhere (42). Compared to previous reviews (43) we
provide detailed discussion of factors such as antipsychotic use,
lifestyle and environmental factors as well as the potential
pathological role of the microbiome in psychosis relevant to
microbial changes.

METHODS

Eligibility and Inclusion Criteria

We included original articles investigating preclinical and clinical
studies exploring the fecal microbiome in animal models of
schizophrenia and individuals of all ages with psychosis or at
high risk and schizophrenia along with respective controls. Only
studies published in English were included without a date
restriction throughout the database search.

Database Search Strategy

This study followed the Preferred Items for Reporting Systematic
Reviews and Meta-analysis Protocols (PRISM-P) (44). One
author (AKK) conducted a Scopus, Web of Science, and
PubMed database searches until the cut-off date of 14/02/2019.
In all databases, free-text terms included (microbiota OR
gastrointestinal microbiome OR microbiome OR microbio*)
AND (schizophreni* OR “Dementia Praecox” OR psychotic OR
schizoaffective OR psychoses OR psychosis). The search was
limited to original articles, and therefore we excluded reviews,
meta-analyses, and systematic reviews. The reference lists of
eligible papers were manually screened for further relevant articles.

Report Selection

One of the authors (A-KK) determined the eligibility of papers
by screening titles and abstracts for relevance. Eligible
documents were then read as a whole to analyze if the articles
matched the inclusion criteria. Excluded articles were documented,
and reasons were given for exclusion.

Data Extraction

A-KK extracted information from relevant publications such as
animal and patient characteristics. Study characteristics for
animal experiments included strain, sex, number, age, and
weight of animals and “schizophrenia” induction method,
length of study, the timing of fecal sample collection,
microbiota, and other findings of the study. Human studies
were characterized by the number of participants, gender, age,
exclusion and inclusion criteria, microbiota findings, and other
findings within the study.

SYRCLE’s Risk of Bias Analysis

The overall risk of bias (RoB) was assessed in animal studies
using an adapted SYRCLE’s risk of bias tool (45). All ten entries
of the SYRCLE’s RoB tool were assessed by the authors (A-KK,
RP) relating to selection, performance, detection, attrition,
reporting, and other biases (45). All individual entries were
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assigned as “low RoB,” “high RoB,” “unclear,” or “not feasible.” A
parameter was determined “unclear” if the item was not mentioned
in the publication. The only exception to this was item 8, where ‘not
mentioned” was scored “high RoB.” For one article, it was not
feasible to assess housing conditions (items 3, 4, and 5) due to the
nature of that particular animal model of schizophrenia (46).
Furthermore, studies were assessed for quality by answering the
categories: (1) conflict of interest stated, (2) power analysis or
sample size calculation, (3) experiment blinding at any level, and (4)
randomization at any level.

STROBE Risk of Bias Analysis

Human studies were assessed using adapted STROBE assessment
criteria, including 32 subsections, which were scored for all six
studies. A-KK and RP assessed the completeness of reporting
(CoR) score (CoR (%)=(yes/(yes+n0))*100) by answering each
recommendation in the STROBE statement with “yes” or “no.”

Microbiome Methodological Consideration
All studies were investigate for their CoR for microbiome
relevant methodology. Categories range from sample
preparation, handling to analysis of samples. The CoR score
was calculated as described in the previous section. The overall
CoR score was calculated for all studies, animal studies alone and
human studies alone.

RESULTS

Database Search

The initial search yielded 763 documents, including one additional
record identified through other sources. After exclusion of
duplicates, 673 articles remained and were included for evaluation
of titles or abstracts, which resulted in 69 records for full-text article
review. During full-text article review, 60 articles were excluded
because they were not original research articles (reviews, n=43; letter
to the editor, n=1; book chapter, n=1), referred to microbiomes
other than the gut microbiome (oropharyngeal, n=4; blood, n=2),
was not a mouse model of schizophrenia (n=4), or reported no
control (n=>5). One additional article was found during scanning of
the references. This search resulted in nine articles included in this
systematic review (Figure 1).

Study Characteristics

Animals

Preclinical publications included within this review used three
different types of translationally validated animal models. A
neurodevelopmental model, the maternal immune activation
(MIA), which takes advantage of the finding that maternal
infection during pregnancy increases the risk of developing
schizophrenia in the offspring, by injecting pregnant females
with viral mimic polyriboinosinic-polyribocytidilic acid (Poly I:
C), which disrupts prenatal and early postnatal development
(48). A pharmacological model, the N-methyl-D-aspartate
(NMDA) receptor hypofunction model induced by administration
of the NMDA receptor antagonist phencyclidine, is based on the

findings that the administration of NMDA antagonists
[phencyclidine (PCP) and ketamine] induce schizophrenia-like
behaviors (49, 50). Social isolation is a major “psychological”
stressor that has been used over the years to induce a behavioral
and neurochemical phenotype corresponding to schizophrenia (51).
This alteration has long-lasting effects on the brain and behavior
(48). Articles describing preclinical results included 144 male Lister-
Hooded rats investigated the microbiome in a pharmacological,
phencyclidine (52), and a developmental model (social isolation)
(46) (Table 1). In the neurodevelopmental model, the gut
microbiome was assessed in ten C57/Bl6 offspring in the MIA
group and ten respective controls with unknown sex (53). The
two studies using rats had similar size rats of 100-130 g (46, 52); only
one study reported that rats were 24 days old (46). C57BL/6N mice
were six weeks of age (53). All studies analyzed microbiome using
16S rRNA gene MiSeq-based high throughput sequencing (46, 52,
53). All studies were supported by various sources of funding (46,
52, 53).

Human

Six eligible studies were identified, which investigated high-risk
and ultrahigh-risk (UHR) individuals (4), first-episode psychosis
(54), first-episode schizophrenia (55), and individuals with
chronic schizophrenia (40, 56, 57) all compared to healthy
controls (Table 2). High-risk (or at risk) state is the clinical
presentation of those considered at risk of developing psychosis
or schizophrenia. Such states were formerly considered as
prodromes, emerging symptoms of psychosis, but this view is
no longer maintained as a prodromal period can not be
confirmed unless the emergence of the condition has occurred.
Individuals are considered UHR for psychosis if they meet a set
of standardized criteria including presumed genetic vulnerability
(Trait), or a recent history of Attenuated Psychotic Symptoms
(APS) or Brief Limited Intermittent Psychotic Symptoms
(BLIPS) Yung, McGorry (58, 59). First-episode and chronic
schizophrenia are defined in Table 2. A total of 321 patients
and 273 healthy controls were investigated. All studies reported
no significant differences between the experimental and control
group for age, sex, and weight. Age varied widely between studies
due to different stages of the disorder from 20.47 + 4.57 to 54.7 +
10.7. Common exclusion criteria included factors potentially
influencing the gut microbiome such as gastrointestinal and
endocrine disorders, previous antibiotic or probiotic treatment,
alcohol and substance abuse. Inclusion criteria varied greatly
between studies due to different baseline diagnostic criteria.

Risk of Bias

Animals

Of the 30 SYRCLE entries of all three studies, 15 (50%) were low
RoB, 2 (6.6%) were high RoB, 10 (33.3%) were unclear, and 3
(10%) were considered not feasible (Figure 2).

Quality Assessment

All studies were randomized and acknowledged their funding
source (Figure 3). However, none of the studies reported how the
sample size was estimated during the design of the experiment
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FIGURE 1 | Flow diagram (47).

(Figure 3). One study failed to report if the experimenter was
blinded at any level.

Human Studies

The analysis included a total of 192 entries (32 STROBE entries
per study). Of the 192 STROBE entries, 139 (72.4%) entries were
scores “Yes” for CoR, and 53 (27.6%) were scored “No” for CoR
(Figure 4).

Microbiome Methodological Consideration
The analysis included a total of 63 entries (7 entries per study).
Of the 63 entries, 47 (74.6%) entries were scores “Yes” for CoR,

and 16 (25.4%) were scored “No” for CoR (Figure 5). One study
within this review did not use caecum samples rather than fecal
samples (46). None of the animal studies reported the amount
used for microbial analysis (46, 52, 53). Reporting for the amount
of fecal sample varied within human studies with two studies
failing to report amount used (40, 55). Similarly, mixed results
were found for storage information given with two animal
studies (52, 53) and one human study (55) not reporting the
storage of samples between collection and analysis. Three studies
did not report target regions (53-55). All studies reported the
sequencing platform used (4, 40, 46, 52-57) and all human
studies reported the DNA extraction protocol and PCR primers
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TABLE 1 | Gut microbiota changes in animal models of schizophrenia.

Strain, Sex (n), Disease Fecal sample col- Microbiota changes Other findings Comments
Age (weight) induction and lection timing
length of study
Pyndt Jorgensen,  EXP1-4: Lister- EXP1-4: SZ: 5 EXP1: Day 16 EXP1: EXP1-3: EXP1 and 4:
Krych (52) Hooded rats, M mg/kg free base EXP2: Day 37 No difference Increased e NOR onday 15
(24), NA (100- PCP i.p. EXP3: Day 58 e q-diversity e |ocomotion and16
1309) EXP4: Caecum: Altered EXP1 and 2: e Locomotor
Control: vehicle  Day 19 e B-diversity Decreased activity on day 18
i.p. Increased e NOR EXP2:
e Roseburia (Phylum: Firmicutes) performance e NOR on day 36
EXP4: addition e Odoribacter (Phylum: Bacteroidetes) EXP3: and 37
ampicillin Increased Locomotor activity positively No Change ® | ocomotor
through the correlated with: e NOR activity on day 39
drinking water e [ achnospiraceae (Phylum: Firmicutes) performance EXPS:
e Clostridiaceae (Phylum: Firmicutes) EXP4: e NOR on day 57
Length of study e Roseburia (Phylum: Firmicutes) Improved and 58
EXP1: 7 days e Clostridium (Phylum: Firmicutes) * Reversed e Locomotor
PCP and 7 day e Odoribacter (Phylum: Bacteroidetes) cognitive deficits in  activity on day 60
washout No change
EXP2: 7 days EXP2: e Locomotion
PCP and 28 day No difference
washout e q-diversity
EXP3: 7 days e B-diversity
PCP and 49 day Increased
washout * unclassified genus bellowing to the S24-
EXP4: 7 days 7 family (Phylum: Bacteroidetes)
PCP and 7 day e Dorea (Phylum: Firmicutes)
washout
Dunphy-Doherty,  Lister-Hooded Social isolation  Caecum: No difference Increased * 56 rats received
O’Mahony (46) rats, M (24), 24 Control: group Day 86/87 e o-diversity e |ocomotion 5-bromo-20-
days (100-130g) housed o B-diversity (OF) deoxyuridine
Increased: Decreased e Open field
Length of study e Phylum: Actinobacteria e Defecation (OF) (day59)

63 days

e Rhodococcus (Phylum: Actinobacteria)
e Negativicutes (Phylum: Firmicutes)

e Corynebacteriales (Phylum:
Actinobacteria)

e Bacillales (Phylum: Firmicutes)

e Selenomonadales (Phylum: Firmicutes)
e Nocardiaceae (Phylum: Actinobacteria)
e Bacillaceae (Phylum: Firmicutes)

e Veillonellaceae (Phylum: Firmicutes)

e Prevotellaceae UCG-001 (Phylum:
Bacteroidetes)

e Bacillus (Phylum: Firmicutes)

e Defluvitaleaceae UCG-011 (Phylum:
Firmicutes)

e Eubacterium oxidoreducens group
(Phylum: Firmicutes)

® Marvinbryantia (Phylum: Firmicutes)

e \Veillonella (Phylum: Firmicutes)

Decreased

e Clostridia (Phylum: Firmicutes)

e Clostridiales (Phylum: Firmicutes)
e Clostridiacae group 1 (Phylum:
Firmicutes)

® Peptostreptococcaceae (Phylum:
Firmicutes)

e [ achnospiraceae UCG-009 (Phylum:
Firmicutes)

e QOcillospira (Phylum: Firmicutes)

e Papillibacter (Phylum: Firmicutes)
*Correlations described in text

* Freezing first,
24,48 shocks (CFR)
® Cells in dentate
gyrus dual labeled
for BrdU and NeuN
e [-6andIL-10in
hippocampus

No Change

* Rearing (OF)

e Grooming (OF)
e NOR

e EPM

e Second shock
(CFR)

e Corticosterone
(restrained)

e |L-1b or TNF-a.

e Locomotor
activity noval area
(day 65)

e NOR (day 66)

e EPM (day73)

e Conditioned
Freezing Response
(day79/80/81)

* Restrained
Stress and Sample
collection (day 86/
87)

(Continued)
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TABLE 1 | Continued

Strain, Sex (n),
Age (weight)

Hsiao, McBride
(53)

C57BL/6N
offspring, Sex:
unknown,
Microbiota:
n=10/group,
Behavior: 16-
75/group), 6
weeks at
behavioral
testing

Disease
induction and
length of study

Fecal sample col-
lection timing

Pregnant Unknown
C57BL/6N mice

were injected

ip.on E12.5

with saline or 20

mg/kg poly(:C)

Length of study
9 weeks

Microbiota changes

No difference
e o-diversity
Altered

e B-diversity

Increased

* unclassified Bacteriodales (Phylum:
Bacteroidetes)

* Porphyromonadaceae (Phylum:
Bacteroidetes)

* Prevotellaceae (Phylum: Bacteroidetes)
e [achnospiraceae (Phylum: Firmicutes)

Decreased

® Ruminococcaceae (Phylum: Firmicutes)
® FErysipelotrichaceae (Phylum: Firmicutes)
e Alcaligenaceae (Phylum: Proteobacteria)

No change
e Clostrodia (Phylum: Firmicutes)
e Bacteroidia (Phylum: Bacteroidetes)

Other findings Comments
Increased Normalization with
® |Intestinal probiotic

permeability (3
week old offspring)
e Gene
expression
(CLDN15)

e |L-6 mRNA and
protein

e Repetitive
behavior (marbles
buried)

Decreased

e Gene
expression (TJP1,
TJP2, OCLN, and
CLDNB8)

e |L-12p40/p70
e MIP-1a

e Centre entries

and time spent (OF)
e PP

e Communication
(ultrasonic
vocalization)

e Sociability
(3CST)

e Social
preference (3CST)

SZ, schizophrenia; PCP, phencyclidine; NOR, novel object recognition; OF, open field test; CRF, conditioned freezing task; CST, chronic social defeat.

used (4, 40, 54-57). However, none of the animal studies
reported the DNA extraction protocol (46, 52, 53) and one
animal study failed to report PCR primers used. The major of
publications within this review used 16S rRNA sequencing (4, 40,
46, 52, 53, 56, 57). Two studies used alternative techniques such
as RT-qPCR for 16 s primers (54) or qPCR for 16 s primers (55).
Studies, which reported target region investigated V3 or V4
regions (4, 46, 52, 56, 57). The preferred sequencing platform was
the Illumina Miseq platform (4, 46, 52, 54, 56, 57).

Overall, we found a CoR score of 74.6% for all studies, which a
large divide between CoR of animal (CoR: 47.6%) and human
studies (CoR: 88.1%).

Microbiome Analysis and Its Relationship
to Behavior

In the following sections, we summarize the taxonomic changes
in validated animal models of schizophrenia (46, 52, 53) and
high-risk and UHR individuals (4), first-episode psychosis (54),
first-episode schizophrenia (55), and individuals with chronic
schizophrenia (40, 56, 57), all compared to healthy controls. The
reviewed publications consistently report OTU (operational
taxonomic unit) values, alpha and beta diversity, terms not
frequently used outside the field of microbiome research. OTU
is used to cluster sequences based on their similarities (60). Alpha
diversity (within-sample) is the species number (richness) and

distribution (evenness) within a host organism or habitat,
showing “how many different species were found,” ie., how
many different bacteria are in a healthy individual, which can be
measured using Shannon diversity index and Faith’s
Phylogenetic Diversity (56). Beta diversity (between-samples)
answers the question “How different is the microbial composition
in one environment compared to another?”, calculated using Bray-
Curtis dissimilarity and unweighted UniFrac and ordinated using
principal coordinate analysis (PCoA).

Within the Results section we will be reporting changes
according to phylum levels, this structure will remain for the
discussion, however we will be discussion changes at lower
taxonomic units within the phylum sections of the discussion.
Details of the taxonomic changes are described in Tables 1 and 2
and Figure 6 showing reduced abundance in orange, increased
abundance in purple with lighter shades of orange and purple to
signify that only preclinical evidence is available.

Animals

One study investigated the gut microbiota of C57BL/6N
offspring in the neurodevelopmental MIA model (53). MIA
mice, from as early as three weeks, showed increased intestinal
permeability, which was shown through increased translocation
of fluorescein isothiocyanate-dextran across the intestinal
epithelium (53). Alpha diversity is the species richness within a
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TABLE 2 | Gut microbiota changes in schizophrenic patients and at risk individuals.

Patient Exclusion/Inclusion Microbiota Microbiota findings at Baseline compared to control Other findings Comments
Characteristics criteria analysis
(N, Gender,
Age)
He, e HR (41M, Exclusion: e Onemeasure No difference No difference: e HC: no family history of
Kosciolek  40F, 21.67 + * Gastrointestinal and at baseline e a-diversity e Age and gender mental ilness
4) 5.75) endocrine diseases Altered: Increased: e 37 HC did not agree with "H-
e UHR (15M, e Diagnosis with psychotic e B-diversity in HR and UHR e  Symptoms in UHR MRS
4F, 20.47 + disorder and corresponding Increased in UHR: e Choline levels in UHR e 'H-MRS: 7 HR and 2 UHR
4.57) treatments e Clostridiales (Phylum: Firmicutes) excluded
e HC (37M, e [ast 3 month: alcohol, e [ actobacillales (Phylum: Firmicutes)
32F, 23.13 + antibiotics, probiotics or any ® Bacteroidales (Phylum: Bacteroidetes)
3.89) other oral or injectable e [actobacillus (Phylum: Firmicutes)
medications e Prevotella (Phylum: Bacteroidetes)
e [ actobacillus ruminis (Phylum: Firmicutes)
No Change
e HR group
Schwarz, e FEP (16M, Exclusion: e FEP: Morning  No difference No difference: ® Food habits and physical
Maukonen 12, 25.9 + 5.5) e Substance-induced of interview e o-diversity * Age, gender and several activity assessed
(54) e HC (8M, 8F, psychosis and psychotic e HC: Sample at Increased: metabolic parameters (BMI, e Fecal sample not collected if:
27.8 £ 6.0) disorders due to general medical home and ® Phylum Actinobacteria cholesterol, high and low antibiotic use during the past 3
conditions delivered them e Rhizobiales (Phylum: Proteobacteria) density lipoproteins, glucose, months, chronic gastrointestinal
Inclusion: within a few hours e Bacillales (Phylum: Firmicutes) insulin and triglycerides) disease, gastrointestinal surgery,
e Score of at least 4 in the item  to the laboratory e  Lactobacillaceae (Phylum: Firmicutes) e SZ patient less active or diagnosed celiac disease.
assessing delusion (Usual e Baseline, 2 ® Halothiobacillaceae (Phylum: Proteobacteria) Cofounders-no association: e Microbiota clustering at intake

Thought Content) and
hallucinations (Brief Psychiatric
rating scale)

and 12 month

® Brucellaceae (Phylum: Proteobacteria)

e unclassified Micrococcineae (Phylum: Actinobacteria)
e [actobacillus (Phylum: Firmicutes)

e Tropheryma (Phylum: Actinobacteria)

e Halothiobacillus (Phylum: Proteobacteria)

e Saccharophagus (Phylum: Proteobacteria)

e Ochrobactrum’ (Phylum: Proteobacteria)

e Deferribacter (Phylum: “Deferribacteres”)

e Halorubrum (Phylum: Euryarchaeota)

e Lactobacillus aciddophilus (Phylum: Firmicutes)

e | actobacillus grasser (Phylum: Firmicutes)

e |actobacillus saliva (Phylum: Firmicutes)

e |actobacillus reuter (Phylum: Firmicutes)

e | actobacillus fermen (Phylum: Firmicutes)

e Desulfosporosinus acidphilus (Phylum: Firmicutes)

e Bifidobacterium dentium (Phylum: Actinobacteria)

e Tropheryma whipplei (Phylum: Actinobacteria)

e Ochrobactum anthropi (Phylum: Proteobacteria)

e Bartonella clarridgeiae (Phylum: Proteobacteria)

e Franisella hispaniensis (Phylum: Proteobacteria)

e Nitrosocococcus halophilus (Phylum: Proteobacteria)
e Brucella canis (Phylum: Proteobacteria)

e Saccharophagus degradans (Phylum: Proteobacteria)

132

e Physical activity

e Type of psychosis

e Duration of antipsychotic
treatment

e Distribution of risperidone,
quetiapine or olanzapine
treatment

¢ Intake of different food
types over the week prior to
sample collection

was significantly associated with
remission at follow-up

(Continued)
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TABLE 2 | Continued

Patient Exclusion/Inclusion Microbiota Microbiota findings at Baseline compared to control Other findings Comments
Characteristics criteria analysis
(N, Gender,
Age)
e Halothiobacillus neapolitanus (Phylum: Proteobacteria)
e Deferribacter desulfuricans (Phylum: “Deferribacteres”)
Decreased:
* Negativicutes (Phylum: Firmicutes)
e Selenomondales (Phylum: Firmicutes)
o \Veillonellaceae (Phylum: Firmicutes)
® Anabaena (Phylum: Cyanobacteria)
e Nitrosospira (Phylum: Proteobacteria)
e Gallionella (Phylum: Proteobacteria)
e Thermococcos gammatolerans (Phylum: Euryarchaeota)
® [euconostoc gasicomitatum (Phylum: Firmicutes)
e Nitrosomonas spp. (Phylum: Proteobacteria)
® Anabaena variabilities (Phylum: Cyanobacteria)
e Gallionella capsiferriformans (Phylum: Proteobacteria)
e Chlorobium chlorochromate (Phylum: Chlorobi)
* Nitrosospira multiformis (Phylum: Proteobacteria)
e Xenorhabdus nematophila (Phylum: Proteobacteria)
In active SZ patients
Increased:
e [actobacillaceae (Phylum: Firmicutes)
Decreased:
e Veillonellaceae (Phylum: Firmicutes
*Correlations described in text
Shen, Xu e SZ (M36, Exclusion: e One measure No difference No difference:
(657) F28, 42 + 11) e Last 3 month: Disease that at baseline e a-diversity * Age, BMI, sex ratio,
e HC (M35, may affect the stability of gut Altered: tobacco used and alcohol
F18, 39 + 14) microbiota e B-diversity intake
e Last 6 months: antibiotics, Increased:
glucocorticoids, cytokines, large e Phylum Proteobacteria
doses of probiotics and e Phylum Fusobacteria
biological agents e Gammaproteobacteria (Phylum: Proteobacteria)
e Gastroscopy, colonoscopy or ® Fusobacteriia (Phylum: Fusobacteria)
gastrointestinal barium meal e Enterobacteriales (Phylum: Proteobacteria)
e |ast 5 years: major e Fusobacteriales (Phylum: Fusobacteria)
gastrointestinal tract surgery e Aeromonadales (Phylum: Proteobacteria)
e Activity limitation * Prevotellaceae (Phylum: Bacteroidetes)
e Changes in dietary habits e Enterobacteriaceae (Phylum: Proteobacteria)
e Alcohol abuse or e Succinivibrionaceae (Phylum: Proteobacteria)
dependence e Fusobacteriaceae (Phylum: Fusobacteria)
Inclusion: e Veillonellaceae (Phylum: Firmicutes)
e SZ patients were diagnosed e [actobacillaceae (Phylum: Firmicutes)
according to ICD-10 and e Succinivibrio (Phylum: Proteobacteria)
received antipsychotic treatment e Megasphaera (Phylum: Firmicutes)
in hospital or outpatient clinic e Acidaminococcus (Phylum: Firmicutes)
(Continued)
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TABLE 2 | Continued

Patient Exclusion/Inclusion Microbiota Microbiota findings at Baseline compared to control Other findings Comments
Characteristics criteria analysis
(N, Gender,
Age)
e |liness duration <10 years e Collinsella (Phylum: Actinobacteria)
and received antipsychotic drugs e Clostridium (Phylum: Firmicutes)
treatment > 6months; psychiatric o Kilebsiella (Phylum: Proteobacteria)
symptoms were steady >3 e Citrobacter (Phylum: Proteobacteria)
months, and the PANSS e Methanobrevibacter (Phylum: Euryarchaeota)
evaluated the rate of change e Fusobacterium (Phylum: Fusobacteria)
<20% and the total score of e [actobacillus (Phylum: Firmicutes)
PANSS <60. e Phascolarctobacterium (Phylum: Firmicutes)
e Desulfovibrio (Phylum: Firmicutes)
e Collinsella aerofaciens (Phylum: Actinobacteria)
e Bifidobacterium adolescentis (Phylum: Actinobacteria)
* Prevotella stercorea (Phylum: Bacteroidetes)
e Bacteroides fragilis (Phylum: Bacteroidetes)
e [actobacillus mucosae (Phylum: Firmicutes)
e [actobacillus ruminis (Phylum: Firmicutes)
Decreased:
e Phylum Firmicutes
e Clostridia (Phylum: Firmicutes)
o Clostridiales (Phylum: Firmicutes)
e Streptococcaceae (Phylum: Firmicutes)
e Alcaligenaceae (Phylum: Proteobacteria)
e [ achnospiraceae (Phylum: Firmicutes)
e Streptococcus (Phylum: Firmicutes)
e Blautia (Phylum: Firmicutes)
e Coprococcus (Phylum: Firmicutes)
e Roseburia (Phylum: Firmicutes)
e Roseburia faecis (Phylum: Firmicutes)
e Blautia producta (Phylum: Firmicutes)
e Collinsella plebeius (Phylum: Actinobacteria)
e Bacteroides eggerthii (Phylum: Bacteroidetes)
*Correlations described in text
Yuan, e FES (M23, Exclusion e Baseline, Increased: After 24 weeks risperidone-
Zhang (55) F18,23.1 £8.0) e Autoimmune diseases, heart  6,12,24 weeks of e Clostridium coccoides group (Phylum: Firmicutes) Increased:
e HC (M20, diseases, hepatobiliary and risperidone Decreased: e Weight
F21,24.7 + 6.7) gastrointestinal diseases, blood treatment e Bifidobacterium spp. (Phylum: Actinobacteria) e BMI
diseases, diabetes neurological e Escherichia coli (Phylum: Proteobacteria) e Fasting serum levels of
diseases, or psychiatric diseases e Lactobacillus spp. (Phylum: Firmicutes) glucose
other than FES No Change: e Triglycerides
e Pregnant or lactating women e Bacteroides spp. (Phylum: Bacteroidetes) e |DL
* A history of using any ¢ HOMA-IR
antibiotic or anti-inflammatory After 24 weeks risperidone- e Serum levels of hs-CRP
agent, or probiotic in the past Increased: e SOD
month e Bifidobacterium spp. (Phylum: Actinobacteria)
e A significant change in the e Escherichia coli (Phylum: Proteobacteria)
(Continued)
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TABLE 2 | Continued

Patient
Characteristics
(N, Gender,
Age)

Nguyen, e SZor
Kosciolek  schizoaffective
(56) disorder (14M,
11F, 52.9 +
11.2)
e HC (15M,
10F, 54.7 +
10.7)

Zheng, e SZ(63)
Zeng (40) e HC (69)

Exclusion/Inclusion
criteria

living environment or diet in the
past month

e Significant diarrhea or
constipation in the past month.

Healthy controls had the same
exclusion criteria as patients; in
addition, they had no previous
history of any psychiatric
diseases.

Inclusion

* FES based on the DSM-IV
criteria

e Never been on antipsychotic
medication

e PANSS total score N60
points

e Born through normal vaginal
delivery

¢ Normal body weight (BMI:
18.56-23.0).

Exclusion

e Other current major DSM-IV-
TR Axis | diagnoses

e Alcohol or other substance
(other than tobacco) (within 3
months prior to enrollment)

e Diagnosis of dementia

e |ntellectual disability disorder,
e Major neurological disorder
e Any medical disability that
interfered with a subject’s ability
to complete study procedures

Exclusion

e Physical or other mental
disorders

e lllicit drug use

e Antibiotics/probiotics within 1
month of study

Microbiota
analysis

e One measure
e Home stool
collection kits
(samples returned
via mail)

Microbiota findings at Baseline compared to control

Decreased:

e Clostridium coccoides group (Phylum: Firmicutes)
e |actobacillus spp. (Phylum: Firmicutes)

No Change:

e Bacteroides spp. (Phylum: Bacteroidetes)

*Correlations described in text

No difference
e a-diversity
Altered:

o B-diversity

Increased:
® Anaerococcus (Phylum: Firmicutes)

Decreased:

e Phylum Proteobacteria

e Haemophilus (Phylum: Proteobacteria)
e Sutterella (Phylum: Proteobacteria)

e Clostrodium (Phylum: Firmicutes)

*Correlations described in text

Decreased:

e o-diversity
Altered:

o B-diversity

Increased:

Other findings

No difference:
* Age, gender, race

Increased:

e BMI (however, no
differences in BMI
classifications)

* Psychiatric symptoms

e Depression levels

* Anxiety levels

e Smoking

e Medical comorbidity

(diabetes and hypertension)

Decreased:
e Physical well-being

No difference:

e Age, gender, BMI
Increased:

® Serum glutamine

e Hippocampal GABA
Decreased:

Comments

e 21 patients on antipsychotics
at study onset

SZ were treated with a single
antipsychotic drug:

e Clozapine (n = 15)

* Risperidone (n = 14)

e QOlanzapine (n = 9)

e Chlorpromazine (n = 5)
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host organism or habitat, showing “how many different species
were found,” i.e., how many different bacteria are in a healthy
individual. This remains unaltered in MIA mice. Beta diversity,
which reflects the species diversity to contribute to species
evenness between microbial communities, i.e., how different
was the diversity of bacteria between healthy controls compared
to diseased individuals, was significantly altered by the MIA.
PCoA (index of beta-diversity) showed that MIA samples
clustered significantly differently to control samples, indicating
different gut microbiome composition compared to control
animals. The primary drivers of the gut microbiome changes
concerning diversity were the classes Clostridia and Bacteroidia.
MIA significantly altered families in the phyla Bacteroidetes,
Firmicutes, and Proteobacteria compared to controls (53)
(Figure 6 and Table 1).

Subchronic administration of phencyclidine for seven days, a
pharmacological model of schizophrenia, significantly separated
the microbiota population compared to controls (beta-diversity)
(52). Locomotor activity was increased in phencyclidine treated
animals with seven days and four weeks wash-out period
compared to controls, which indicates a schizophrenia-like
behavioral phenotype (52) (Table 1). Seven days after
treatment with phencyclidine, no change was found in alpha-
diversity. However, a weak but significant alteration was found in
beta-diversity compared to controls using the PCoA-analysis,
which indicates the separation of the microbial communities.
Phencyclidine-treated animals showed increased abundance in
genera belonging to the phyla Firmicutes and Bacteroidetes (52)
(Figure 6 and Table 1). Four weeks after phencyclidine
treatment, no changes in alpha-diversity and beta-diversity
were found between groups. However, the abundance of
genera within the phyla Firmicutes and Bacteroidetes were
significantly increased in phencyclidine-treated animals (52)
(Figure 6 and Table 1).

Social isolation resulted in hyperactivity, anxiety-like behavior,
and impaired contextual learning and memory, as well as reduced
IL-6 and IL-10 levels in the hippocampus (46). Although no
significant changes for alpha-diversity and beta-diversity were
found, socially isolated animals showed a trend toward a decrease
in alpha diversity and a trend towards differential clustering of
microbial communities (beta diversity) (46) (Figure 6 and Table 1).
Social isolation increased the abundance of Actinobacteria at phylum
level. At class, order, family, and genus level social isolation altered
the abundance to both directions of the phyla Firmicutes,
Actinobacteria, and Bacteroidetes (46) (Figure 6 and Table 1).

In summary, the preclinical studies using translationally valid
models for schizophrenia show somewhat inconsistent findings
with the decreased abundance of the phylum Proteobacteria
emerging as a partially shared feature (53). At the same time,
Actinobacteria (46) and Bacteroidetes (46, 52, 53) were increased,
whereas bacteria within the phylum Firmicutes show altered
expression toward both directions.

Comments
Avripiprazole (n = 3)
Quetiapine (n = 3)
Remaining patients were

treated with two of the above
drugs in combination (n = 9)
Unmedicated (n = 5).

Other findings
Stool and hippocampal

glutamate

Prevotellaceae (Phylum: Bacteroidetes)
Bacteroidaceae (Phylum: Bacteroidetes)
Coriobacteriaceae (Phylum: Actinobacteria)
Lachnospiraceae (Phylum: Firmicutes)
Ruminococcaceae (Phylum: Firmicutes)
Enterobacteriaceae (Phylum: Proteobacteria)

Microbiota findings at Baseline compared to control
Veillonellaceae (Phylum: Firmicutes)

*Correlations described in text and comparison to
depressive disorder and FMT from human to mouse

Decreased:

Microbiota
analysis

criteria

Exclusion/Inclusion

Patient
Characteristics
(N, Gender,
Age)

Human Studies
High-risk and UHR individuals who have a higher likelihood of
developing psychosis in the future did not differ in microbial

SZ, schizophrenia; HR, high-risk; UHR, ultrahigh-risk, HC, healthy controls; FEP, first-episode psychosis; FES, first-episode schizophrenia; BMI, bodly mass index; PANSS, Posttive and Negative Syndrome Scale.

TABLE 2 | Continued
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1) Was the allocation sequence adequately generated and
applied?

2) Were the groups similar at baseline or were they adjusted
for confounders in the analysis?

3) Was the allocation to the different groups adequately
concealed during?

4) Were the animals randomly housed during the
experiment?

5) Were the caregivers and/or investigators blinded from
knowledge which intervention each animal received during...

6) Were animals selected at random for outcome
assessment?

7) Was the outcome assessor blinded?

8) Were incomplete outcome data adequately addressed?

9) Are reports of the study free of selective outcome
reporting?

10) Was the study apparently free of other problems that
could result in high risk of bias?

Overall SYRCLE's

FIGURE 2 | SYRCLE's risk of bias tool.

o Low risk
w High risk
m Unclear

m Not feasabile

o

Conflict of interest statement/funding source

Power analysis or sample size calculation

Experiment blinding at any level

Experiment randomisationat any level

FIGURE 3 | Quality assessment of all animal studies.
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richness, alpha-diversity. However, beta-diversity was altered in
high-risk and UHR individual’s analysis compared to controls.
UHR individuals had increased bacterial abundance at order,
genus, and species levels in the phyla Firmicutes and

Bacteroidetes compared to the other groups (4) (Figure 6 and
Table 2). It is important to note that clinically, UHR individuals
showed more severe symptoms and functional impairments on
the Scale of Prodromal Symptoms for screening of schizophrenic
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FIGURE 5 | Microbiome methodological consideration.

symptoms and the Global Assessment of Function Scale,
Modified Version, respectively, than the other two groups (4).
Functional profile analysis using Phylogenetic Investigation of
Communities by Reconstruction of Unobserved States (PICRUSt),
which is a bioinformatics software for metagenomic functional
predictions, predicted that short-chain fatty acids (SCFA) related
to pyruvate synthesis, acetyl-CoA synthesis, and fatty acid
biosynthesis initiation pathways were increased in UHR
individuals compared to high-risk and controls, however only
the acetyl-CoA synthesis pathway was significantly predicted (4)
(Table 2). This profile corresponds with altered glucose
metabolites, which is particularly interesting in the context of
energy metabolism abnormalities that have been recently
identified in schizophrenia [27-30].

Patients with first-episode psychosis, who received a relatively
short antipsychotic treatment (median length of 20 days), showed
no difference in alpha diversity (54) (Figure 6 and Table 2).
Individuals with first-episode psychosis had enrichment in the
phylum Actinobacteria. At class, order, family, genus and species
levels the overall abundance of bacteria were altered in the phyla
Firmicutes, Actinobacteria, Proteobacteria, “Deferribacteres,”
Euryarchaeota, Cyanobacteria, and Chlorobi in patients with
first-episode psychosis compared to healthy controls (54)
(Figure 6 and Table 2). Physically active patients had a reduced
abundance of Firmicutes at family level compared to active,
healthy controls.

At baseline, multiple bacteria were decreased in drug naive
first-episode schizophrenia at species level belonging to the phyla
Actinobacteria, Proteobacteria, and Firmicutes compared to
controls (55) (Figure 6 and Table 2).

Individuals with chronic schizophrenia with over ten years of
antipsychotic medication were investigated and compared to
healthy controls (57). Gut microbiota samples did not differ in
alpha diversity, microbial richness, and diversity, from healthy
controls. However, they showed differential clustering of microbial
communities of chronic schizophrenic patients compared to
respective controls (beta diversity). Furthermore, healthy controls

showed more similar bacterial communities, tighter clustering, than
patients with schizophrenia (57) (Figure 6 and Table 2). At
phylum level, Proteobacteria and Fusobacteria were significantly
increased, and Firmicutes were less abundant in schizophrenia
patients compared to controls. At class, order, family, genus, and
species levels bacteria belonging to the phyla Proteobacteria,
Fusobacteria, Firmicutes, Bacteroidetes, Actinobacteria, and
Euryarchaeota were altered in chronic schizophrenia patients
(57) (Figure 6 and Table 2). Furthermore, using PICRUSt
analysis, functional pathways were identified to be altered in
individuals with schizophrenia, such as pathways responsible for
the synthesis of vitamin B6, fatty acid, starch, sucrose, tryptophan,
cysteine, methionine, and linoleic acid metabolism and the
degradation of some xenobiotics (57).

Similar to the aforementioned study (57), no changes in alpha
diversity were found in chronic, medicated patients with
schizophrenia and schizoaffective disorder (56). However, beta
diversity showed a clear separation between the patient and
control populations and showed a wider distribution of
schizophrenia samples (56) (Figure 6 and Table 2). At phylum
level, Proteobacteria were decreased in patients with schizophrenia.
At genus level, bacterial abundance was altered bidirectional in the
phyla Proteobacteria, Proteobacteria, and Firmicutes (56) (Figure 6
and Table 2).

Another recent study has gone beyond just determining the
bacterial abundance in the microbiome in people with schizophrenia
and evaluated if behavioral phenotypes could be transferred through
fecal microbial transplant from patients with schizophrenia to germ-
free mice (40). The gut microbiome of patients with schizophrenia
had reduced alpha diversity compared to healthy controls,
suggesting a lower within-sample diversity. Furthermore, beta-
diversity was also significantly altered in schizophrenia patients
(40) (Figure 6 and Table 2). Bacterial abundance was altered at
family level belonging to the phyla Firmicutes, Bacteroidetes,
Actinobacteria, and Proteobacteria (40) (Figure 6 and Table 2).
Animals, which received elements of the gut microbiome from
patients with schizophrenia via fecal microbial transplants, showed
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FIGURE 6 | Taxonomic tree of schizophrenia. Showing reduced abundance in orange, increased abundance in purple with lighter shades of orange and purple to
signify that only preclinical evidence is available. White-no change only for representative purposes. Ultrahigh-risk individuals 1(4), first episode psychosis / (54), first
episode schizophrenia “(55), chronic schizophrenia # (57) V(56) «=(40), maternal immune activation model + (53), pharmacological model * (52), social isolation! (46).
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a behavioral phenotype that had some overlaps with schizophrenia-
like behaviors, including locomotor hyperactivity, reduced anxiety,
and decreases depression-like behavior, attributed to increased
activity. However, no difference was found in cognitive behaviors
and sociability. Mice, which received fecal matter from individuals
with schizophrenia, showed an increased startle response at high-
decibel tones; however, no difference was found in pre-pulse
inhibition of startle, which has been used extensively as a
translational behavioral biomarker of psychotic states. Investigators
further verified that gut composition was altered through the fecal
microbial transplant and found that the gut microbiome significantly
differed compared to that of control mice. The most changed
bacterial families were Aerococcaceae (Phylum: Firmicutes), and
Rikenellaceae (Phylum: Bacteroidetes), which was similar to
changes found in patients with schizophrenia [58].

Overall, the studies highlighted in this review demonstrated
differential changes for all major phyla, including Proteobacteria,
Firmicutes, Bacteroidetes, Actinobacteria, and Fusobacteria in
patients with schizophrenia compared to healthy controls (4,
40, 54-57).

DISCUSSION

Diversity of the Gut Microbiome

in Schizophrenia

The diversity of the gut microbiome is unique to each individual.
The majority of publications reviewed here identified no change
in alpha diversity across animal and human studies (4, 46, 52-54,
56, 57). However, one study demonstrated an overall decrease in
alpha diversity in individuals with chronic schizophrenia (40).
The majority of patients were medicated with antipsychotics,
which may have resulted in reduced microbial community
diversity (40), as treatment with an atypical antipsychotic
reduced microbiome community diversity in patients with
bipolar disorder (alpha diversity), which was more profound in
females (61). On the contrary, individuals on antipsychotic
medications had no change in microbial community diversity
(57). Due to conflicting results, we can only speculate that
antipsychotic treatment may have resulted in a decrease in
alpha diversity. Therefore, future studies should investigate the
potential impact of antipsychotic treatment on the gut
microbiome in schizophrenia.

The gut microbiome of patients with psychosis and animal
models of schizophrenia are separated from the microbiota of
healthy control individuals and control animals (beta diversity) (4,
40, 52-54, 56, 57). This clearly demonstrates that the gut
microbiome in psychosis differs from that of the healthy
controls. However, as there is a lack of studies comparing the
microbiome between psychosis and other psychiatric and chronic,
noncommunicable disorders, this does not necessary mean that
the microbiome profile identified in psychosis is diagnostically
specific. Nevertheless, these results, together with data showing
that high-risk and UHR individuals have an altered microbiome
compared to that of healthy controls (4), raise the possibility of
developing the gut microbiome profiling further to be used as part

of a biomarker battery to identify individuals at risk for later
development of psychosis.

The studies outlined in this systematic review revealed that
the phyla Proteobacteria (57), Firmicutes (52, 57), Bacteroidetes
(52, 57) Fusobacteria (57), and Actinobacteria (46, 54, 57) were
altered in patients at risk to develop schizophrenia, with chronic
schizophrenia or in animal models of the disease at all different
taxonomic units (Figure 6). First, we will individually discuss
each of these phyla, within each phyla section we are discussing
lower taxonomic units, and consider the functional implications
that might be associated with their change.

Proteobacteria

Altered abundance, in both directions, of Proteobacteria has
been associated with obesity, inflammation, and altered gut
permeability (62-65). Proteobacteria were increased (57), as
well decreased (56) in patients with chronic schizophrenia
(Figure 6 and Table 2) in the gut microbiome, but not in the
oropharynx microbiome (66), which suggests that the imbalance
of Proteobacteria abundance are specific to the gut microbiome.
While an increased abundance of Proteobacteria is associated
with the neonatal period (67), gastric bypass surgery (62, 68), and
disease states such as metabolic disorders (69) and intestinal
inflammation (70), decreased abundance of Proteobacteria have
been found in overweight individuals (62). One study identified
no difference in body mass index (57), whereas, in another study,
individuals with schizophrenia had a significantly higher body
mass index compared to healthy controls (56) (Table 2). Weight
may have been a contributing factor influencing the abundance
of Proteobacteria. Possibly, the decrease in Proteobacteria is more
representative of patients with psychosis, because they tend to be
more overweight or obese compared to mentally healthy controls
(71). Therefore, future studies need to include lifestyle factors,
such as diet, as potential covariates in the data analysis. At family
level, both increased (57) and decreased (40) abundance of
Enterobacteriaceae have been found (Figure 6 and Table 2).
An increase in Enterobacteriaceae have been associated with
obesity (63), inflammation (64) and a “leaky gut” (65); however,
obesity could not have been the driver for the change of this
bacterial family as individuals with schizophrenia in both studies
were in the healthy weight range based on their body mass index
(40, 57). Increased gut permeability has been suggested to be
related to schizophrenia (72) and may have been a contributing
factor for the increase in Enterobacteriaceae (57). Besides, patients
with schizophrenia show higher levels of proinflammatory
cytokines (73). It is unclear, however, if the increased abundance
of Enterobacteriaceae (57) was driven by proinflammatory
cytokines or increased gut permeability in schizophrenia.

Firmicutes

An increased abundance of Firmicutes has been associated with
an unhealthy dietary pattern, such as western diet and obesity (5,
74). A higher abundance of Firmicutes was found in the oropharynx
microbiome of patients with schizophrenia (66). Animals injected
with phencyclidine, a pharmacological model of schizophrenia,
showed an increase in Firmicutes in their gut microbiome (74). In
contrast, Firmicutes were less abundant in patients with chronic
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schizophrenia (57) (Figure 6 and Table 2). At class, order and
family levels Negativicutes, Selenomondales, and Veillonellaceae were
reduced in first-episode psychosis (54) but were increased in an
animal model of social isolation (46). Veillonellaceae were also
increased in chronic schizophrenia (40, 57) (Figure 6 and Table
2). Patients with chronic schizophrenia showed both an increase
and a decrease in the genus Clostridium (56) in different studies
(Figure 6 and Table 2). Interestingly, an increase in this genus is
associated with risperidone treatment (75). At this point, we are
unable to conclude about the potential role of risperidone treatment
as both studies (56, 57) report antipsychotic use, without specifying
the type of medication used. Several species of Clostridium are
precursors of 4-ethylphenylsulfate (76), which may contribute to the
pathophysiology of schizophrenia, as it is important in pheromonal
communication in mice under the control of testosterone levels
(77). Serum 4-ethylphenylsulfate was elevated in MIA animals, a
neurodevelopmental model of schizophrenia and 4-ethylphenylsulfate
induced an anxiety-like behavioral phenotype, which may suggest
behavioral abnormalities may be related to 4-ethylphenylsulfate
produced by Clostridium (53). At species level, first-episode
psychosis (54) and chronic schizophrenia patients (57), show
similar to a study in oropharyngeal samples of schizophrenia
patients, a significantly increased abundance of Lactobacillus
phage phiadh (78) (Figure 6 and Table 2).

Bacteroidetes

Bacteroidetes were increased in the pharmacological model of
schizophrenia (52) and patients with chronic schizophrenia (57)
(Figure 6 and Table 2). Stress is involved in the pathophysiology
of psychotic disorders, such as schizophrenia (79). In a mouse
model of stress, mice were subjected to an aggressive male mouse
within their home cage to induce stress. Investigators found
elevated levels of the genus Bacteroides (80), which was
demonstrated in chronic schizophrenia (57) (Figure 6 and
Table 2). Treatment with the probiotic Bacteroides fragilis was
shown to improve anxiety-like, repetitive and communicative
behaviors, and sensorimotor gating in the MIA model (53) (Table
2). Bacteroides fragilis improved anxiety-like (57), repetitive (57)
and communicative behaviors (57), sensorimotor gating (57);
however, Bacteroides fragilis do not influence social behaviors (53)
(Figure 6 and Table 2). Depressive-like symptoms in chronic
schizophrenia patients were associated with an increased
abundance of Bacteroides (56).

Actinobacteria

Actinobacteria are increased in first-episode psychosis, chronic
schizophrenia, and socially isolated animals (46, 54, 57) (Figure 6
and Table 2). Tropheryma, which belong to the phyla
Actinobacteria, most studied species is Tropheryma whipplei, has
been associated with intestinal malabsorption (81). Tropheryma
whipplei was significantly increased in patients with first-episode
psychosis (54) (Figure 6 and Table 2). At genus level, Collinsella
was elevated, which produces proinflammatory cytokines such
as interleukin-17a and altered intestinal permeability in arthritis
(82). Patients with schizophrenia show alter gut permeability (83).
Additionally, multiple studies have found increases IL-17a plasma

concentrations in naive first-episode schizophrenia patients
(84, 85).

In conclusion, the published literature indicates that
schizophrenia, both first-episode and chronic, is associated
with microbiota changes, as shown by beta diversity, that will
distinguish them from healthy controls. In this systematic review
we included studies in which healthy controls were compared to
either individuals at risk to develop psychosis or with diagnosed
psychosis (either first episode or chronic). Such cross-sectional
design, together with a variety of cofounding factors, which were
controlled for in some, but not in all cases, precludes us from
concluding about causality. However, our review of the available
human literature clearly indicates the existence of an association
between different stages of psychosis and the gut microbiome.
Future studies will be required to identify the primary drivers of the
microbiome alterations in psychosis and the potential direction of
causality between gut microbiome changes in psychosis.

Methodological Considerations

Cofounding Factors

Within the reviewed publications gender was not addressed as a
potential cofounding varible, which can potentially affect the gut
microbiome. A review investigated gender differences in the gut
microbiome and concluded that gender effects are inconsistent
and identified that differences in geography, life style, diet, age,
genetics, and potential other factors contribute more extensively
to alterations in the gut microbiome (86). Within the reviewed
articles, we reviewed populations from different geographical
locations, which may have contributed to observed differences in
microbiome. However, all studies demonstrated a clear
separation between matched controls and psychotic individuals
controlling for geographical location. Another major cofounding
variable is age. We observed a broad age range in the reviewed
studies, which may be expected considering that we included
studies reporting on at-risk, UHR as well as on chronic
schizophrenia. It has been suggested that age might be a major
contributor to alterations in the gut microbiome (87). Gut
microbiome changes within the elderly are associated with
physiological changes within the gastrointestinal tract and has
been demonstrated to reduce over time in diversity, shifts in
dominant species, a decline in beneficial bacteria and decreased
availability of beneficial metabolites such as short chain fatty
acids (88). Older individuals have lower levels of Firmicutes and
increased abundance of Proteobacteria (88). It is difficult to
establish the potential cofounding effect of age on the results
presented in the review. It should be noted, however, that each
study contained age-matched controls, just like in the case of
geographical location.

Fecal Sample Methodology Cofounders

We demonstrated that the CoR was greater in human studies
allowing for greater comparability between studies. However,
animal studies lacked reporting and should therefore be
interpretate carefully. Overall, alterations and lack of reporting can
be potential cofounding factors [further extensive review elsewhere
(42)]. Methodological difference should be standardised in the
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future to improve translatability between animal and human studies
and would allow for improved interpretation of data.

Factors Potentially Contributing to the
Altered Microbiome in Psychosis

In the following section we address potential factors influencing
the gut microbiome in individuals with psychosis. Due to the
heterogeneous nature of psychotic disorders no specific and
unique factors to leading to psychosis are known. Therefore,
we considered common life-style and environmental factors,
genetic susceptibility and medication use that can potentially
influence the gut microbiome in psychosis, as well as in other
serious mental illness.

Environmental Factors

Early Life Events

Children will receive the first inoculum from their mothers (89).
Mode of delivery can influence the gut microbiome (37). Offspring
will receive during vaginal birth microbes found in the maternal
vagina and feces (89). Whereas, during Cesarean delivery (C-
section), most microbes colonizing the gut are from external body
surfaces (89). C-section significantly decreases Bifidobacteria spp.
(90) and increases Staphylococcus, Streptococcus or Propionibacteria
(91, 92). However, the differences in microbiota between C-section
and vaginal birth gradually disappear over time (37). Preterm birth
will result in an increased abundance of Proteobacteria and a lack of
Bifidobacterium and Lactobacillus at genus level (37). It has been
established that early life events are potential risk factors for
schizophrenia (93, 94). C-section and preterm birth have been
linked as a risk factor for schizophrenia (93, 94). Bifidobacterium
spp., which is in line with the microbial profile of C-section and
preterm birth, were decreased in first-episode psychosis patients
(55) (Figure 6 and Table 2). Chronic schizophrenia patients had
increased levels of Proteobacteria at phylum level, which is related to
preterm birth (57) (Figure 6 and Table 2). In first-episode
psychosis, UHR and chronic patients with schizophrenia
Lactobacillus, which is again related to preterm birth, was
increased (4, 54, 57) (Figure 6 and Table 2).

These early life events seem to alter the gut microbiome and
may influence the development of psychosis later in life, perhaps
through brain development influenced by the microbiome.
Future research should specifically investigate if the changes in
the microbiome due to the aforementioned factors contribute to
the development of psychosis.

Stress

It has long been established that stress and the activity of the
hypothalamus-pituitary-adrenal (HPA) axis can alter the
composition of the gut microbiome (39). Maternal
separation, a model of stress, results in prolonged HPA
activity, which resulted in rhesus monkeys (95), rats (96) in
altered microbiome composition (95). Chronic restraint stress in
adult mice resulted in differential gut microbiota composition
compared to nonstressed mice (80). Stress decreased Bacteroides
spp. and increased Clostridium spp., which was accompanied by
an activation of the immune system and a “leaky” gut (97),

allowing for the translocation of luminal content such
as lipopolysaccharides.

Stress is involved in the development of psychotic disorders such
as schizophrenia (79, 98). Life events perceived as stressful can
increase the occurrence of psychotic episodes (99). Individuals with
schizophrenia experience stress more intensely; therefore even
minor everyday stressors might exacerbate positive symptoms
(100, 101). Management of day-to-day stress can be used in the
management of psychosis (102); however, this intervention, in
combination with antipsychotics, is only partially protective (103).
This hypersensitivity to stress might be attributed to inappropriate
autonomic nervous system and HPA axis function (79). Psychosis
itself is a stressful event for the body, activating the stress response
(98). Hypercortisolemia has been shown in patients with
schizophrenia (104), which has been linked to the negative
symptoms of schizophrenia (79). However, increased cortisol
levels are not consistently found in individuals with schizophrenia
(105). A meta-analysis found dysregulation of cortisol in psychotic
patients (106). Allostatic load is the adaptation in response to
stimuli such as stress (98). An increased allostatic load was seen
in first-episode psychosis and schizophrenia patients compared to
controls (98). This study found a positive correlation between
positive symptoms with allostatic load in schizophrenia
patients (98).

The genus Clostridium was increased in animals treated with
phencyclidine (52) and chronic schizophrenia patients (57);
however, Clostridium also decreased in chronic schizophrenia
patients (56) (Figure 6 and Table 2), consistent with a stress
response. However, the stress level of schizophrenia patients was
not described, and therefore it is unknown if the microbiota was
altered due to increased stress or visa versa (57). A decrease in
Bacteroides spp. is associated with stress (97), while in chronic
schizophrenic patients, this genus was decreased (57) (Figure 6
and Table 2).

In conclusion, based on the limited data available, it is difficult
to establish if stress altered the microbiome. Future studies should
assess stress levels and allostatic load to understand the impact of
stress in psychosis on the gut microbiome.

Infectious Agents

Infectious agents, such as Toxoplasma gondii, have been suggested
to contribute to the development of schizophrenia (107, 108). It
has been recently demonstrated in a preclinical study that chronic
Toxoplasma gondii infection results in an enrichment of
Bacteroidetes in CD1 mice compared to noninfected controls
(109). Interestingly, Bacteroidetes were also increased in a
pharmacological model of schizophrenia (52) and in individuals
with chronic schizophrenia (57). However, on the basis of the
available evidence it is not possible to conclude about causality of
the link between Toxoplasma gondii infection, alteration in the gut
microbiome and the development of schizophrenia.

Lifestyle Factors

Diet

Diet is shaping the composition of the gut microbiome (5).
The gut microbiome, in turn, is important in metabolizing the
ingredients of food (18) and host fat storage, through the
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absorption of monosaccharides by the gut microbiota from
the lumen of the gut, promoting hepatic lipogenesis by fasting-
induced adipocyte factor suppression (110). Multiple studies
have demonstrated that altering diet rapidly changes the gut
microbiome (5, 111) and microbial beta-diversity (112). Early life
nutrition, through changing the gut microbiome, is important in
the infant’s development (113). Different diets in adulthood have
been shown to modulate the gut microbiome, such as a high-
protein, reduced carbohydrate diet (114), ketogenic diet (115),
high fat, high sugar diet (western diet) (116, 117), and
mediterranean diet (118). This indicates the strong impact of
diet on the gut microbiome.

Nutrition is an important factor in schizophrenia due to poor
dietary choices, causing obesity and secondary diseases (119).
Obesity is twice as likely in schizophrenia/psychosis compared to
the general population, affecting more than 50% of schizophrenic
individuals (120). Drug naive patients with schizophrenia show
higher rates of obesity and type II diabetes compared to healthy
individuals (120). Patients with schizophrenia consumed more
fat (121, 122), saturated fat (122, 123), proteins (122),
carbohydrates (122) and less fiber (121), than healthy controls.
However, it was found that similar choices were made, but the
overall food consumption was increased compared to healthy
controls (122). Overall, people with psychosis tend to prefer
unhealthy, fast food-type foods (120). This results in a dietary
pattern high in saturated fats and sugars (“Western” diet).
However, the gut microbiota of schizophrenia patients did not
reflect that of individuals on a Western diet, characterized by a
decrease in Bifidobacteria, Bacteroides, and Prevotella and an
increase in Firmicutes (5). Within this review, first-episode
psychosis had an increased abundance in Bifidobacteria (54)
(Figure 6 and Table 2). Different food types were not
significantly associated with clustering of the microbiota (54).
Increased Prevotella were found in UHR individuals (4);
however, no conclusion can be drawn on the impact of
nutrition as no metabolic or nutritional assessments were
reported. In chronic schizophrenia patients, Firmicutes
decreased, and the abundance of Bacteroides and Prevotella
increased (57). It has to be noted that individuals in that study
were Chinese patients, who did not show metabolic symptoms
commonly seen in schizophrenia. This lack of weight gain has
previously been reported in other Chinese schizophrenia patients
(124). One study predicted an altered glucose metabolism (4),
which is particularly interesting in the context of energy
metabolism abnormalities that have been recently identified in
schizophrenia [27-30]. A review investigated the link between
the gut microbiome and glucose metabolism and found that the
gut microbiome has substantial influence on glucose homeostasis
through short chain fatty acids, bile acid metabolism, hormone
secretion and synthesis of amino acids (125). However, future
studies should address this point in individuals with psychosis to
better understand the relationship between the gut, brain and
energy metabolism.

In summary, individuals with psychosis show unhealthy dietary
choices, which may influence the gut microbiome. However, the
microbiome profiles described in studies on patients with psychosis

do not support this notion. Nevertheless, at this point we can
neither prove nor disprove the influence of diet to influence the gut
microbiome in psychosis due to conflicting evidence and lack of
reporting of dietary habits in these studies. Future studies should
incorporate dietary patterns to be able to make a more definitive
conclusion on the effects of dietary factors on the gut microbiome
in individuals with psychosis.

Exercise

Exercise can impact microbial abundance in animals (126) and the
human gut (127-131). The gut microbiota is different between
sedentary individuals and people performing physical exercise (129,
132). Exercise reduced Bacteroidetes (129, 130) and Proteobacteria
(132). Activity increased the undefined genus in the $24-7 family
(129), Verrucomicrobia (132), Bifidobacteriaceae (132),
the Streptococcaceae family (129) and Firmicutes (130), compared
to sedentary controls. In sedentary woman bacteria belonging to the
families, Barnesiellaceae and Odoribacteraceae were more abundant
compared to active women (130).

Individuals with schizophrenia and other psychotic disorders
are significantly less physically active than healthy individuals,
and are also less active then patients with other psychotic
disorder (133, 134). Patients with chronic schizophrenia show
an increased abundance in Bacteroidetes and Proteobacteria and
a decreased abundance in Streptococcaceae and Firmicutes (57)
(Figure 6 and Table 2), which could possibly be mitigated by
exercise as active individuals have opposing abundances (129,
130, 132). Further supporting this argument, Firmicutes were
increased in phencyclidine treated animals (52), which could
have been related to hyperactivity induced by the phencyclidine
administration. The increase in the phylum Bacteroidetes is
associated with a sedentary lifestyle (130). Bacteroidetes were
increased in chronic schizophrenia patients (57) (Figure 6 and
Table 2); however, this increase was as well seen in the
phencyclidine, hyperactive animals (52) (Figure 6 and Table
2). Therefore, it is unclear at this stage if physical activity altered
the gut microbiome. The activities of patients with schizophrenia
are not explicit in the publications reviewed here. Nevertheless,
physical activity has been considered to influence the gut
microbiome composition in the context of schizophrenia
Schwarz, Maukonen (54). Pateints with first-episode psychosis,
stratified for amount of exercise, demonstrated an increased
abundance of Lactobacillaceae and decreased abundance of
Veillonellaceae at family level in physically active, first-episode
psychosis individuals compared to physically active, healthy
controls (54) (Figure 6 and Table 2). Future studies need to
assess physical activity levels as a potential cofounder to
influence the gut microbiome.

Smoking

Environmental contaminants, such as smoking, influence the gut
microbiota (135). Furthermore, smoking can lead to DNA damage
and epithelial cell methylation (136), resulting in altered gut
function and possibly altered microbiota composition. Smoking
increased within-participant diversity, Dialister invisus, and
Megaspaera micronuciformis were more abundant in the upper
gastrointestinal tract in current smokers compared to the ones who
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never smoked (135). In rats, cigarette smoke decreased
Bifidobacteria and SCFA, such as propionic and butyric acid
(137), and increased Lachnospiraceae spp. (138). Passive smoking
increases Clostridium spp. and reduces Firmicutes and
Enterobacteriaceae in animals (139). In humans smoking
increased Clostridium (140), Bacteroidetes, and Proteobacteria
(141) and decreased Firmicutes and Actinobacteria (141).

Smoking is more prevalent in individuals with schizophrenia
than in healthy individuals (142).

As reviewed above, in first-episode psychosis, Bifidobacteria
were increased (54) (Figure 6 and Table 2), whereas smoking
decreased this bacteria. However, this study did not specify
smoking status (54). In human studies, Lachnospiraceae (57)
and Firmicutes (57) were decreased (Figure 6 and Table 2).
Decreased Firmicutes are in line with smoking; however, in
patients with chronic schizophrenia, tobacco usage was not
different compared to healthy control (57). At genus level
contradictory results were found for Clostridium, however as
mentioned before an increase in Clostridium, which is associated
with smoking, was seen both in an animal model of
schizophrenia (52) and in patients with chronic schizophrenia
(57), where no difference in tobacco usage was seen between
patients and controls. On the contrary, patients with
schizophrenia, who were significantly likelier to smoke, had
decreased abundance of Clostridium (56) (Figure 6 and Table
2). Enterobacteriaceae were increased in chronic schizophrenia
patients (41) (Figure 6 and Table 2), which would be in line with
possible tobacco usage; however, smoking status was not
reported within that study.

In conclusion, according to the studies reviewed here
individuals with schizophrenia either did not smoke more than
the general population, or tobacco usage was not reported, except
Nguyen, Kosciolek (56) where contradictory results were found
with regards to smoking and the gut microbiome. Considering
animal models of psychosis that do show altered gut microbiome
despite the lack of smoking exposure, one can argue that the
change in the gut microbiome seen in individuals with psychosis
is likely to be independent of smoking status. However, most
studies did not report smoking status, which predicts a firm
conclusion regarding the link between smoking status and
altered gut microbiome at this stage. Future studies should
report smoking status and investigate if tobacco usage might
be a cofounding factor influencing the gut microbiome.

Overall, although it has been widely acknowledged that life style-
factors are essential in shaping the gut microbiome, the studies
covered in this systematic review do not support the notion that the
difference in the gut microbiome between controls and individuals
with psychosis is causally related to lifestyle factors. Potentially,
lifestyle factors, such as diet, exercise, and smoking may improve the
gut microbiota of individuals with psychosis. Therefore, the
completeness of reporting to provide a detailed account of the
lifestyle factors is of great importance for future studies.

Genetics

Host genetic variation can influence the diversity of the gut
microbiome (143). However, the relationship between host
genetics and gut microbiota is largely unknown (143).

Although, lifestyle factors such as diet and exercise will
contribute to similar gut microbiota composition of close
relatives, suggesting that genetics might be an important factor
(143). For example, monozygotic twins share a more similar gut
microbiota profile than dizygotic twins (143).

Genetic factors are important in the etiology of psychotic
disorders such as schizophrenia (144). At this stage, no studies
have investigated the effect of host genetic variation in individuals
with schizophrenia on the gut microbiota. Therefore, we can only
speculate that variations of bacterial abundances found in this
population may be due to genetic variation involved in the
pathogenesis of psychosis. Future studies should incorporate
genetic analysis to understand the importance of host genetic
variation on the gut microbiome.

Antipsychotics

Antipsychotics are the primary medications used for the
management of schizophrenia (145). However, the knowledge
of the effects of antipsychotics on the gut microbiome is currently
in its infancy. Antipsychotic use can cause severe metabolic side
effects such as weight gain, increased visceral fat, and glucose
dysregulation (146), of which the mechanism of action is not
fully understood (146). It is believed that the convergence of
central and peripheral mechanisms are involved in metabolic
side effects (146). It has been demonstrated that the composition
of the gut microbiome is linked to obesity (147). Olanzapine
treatment increases body weight (146, 148) and leads to a shift of
the gut microbiome, which involves the increase of the phylum
Firmicutes (146, 148) and decreases in the phyla Bacteriodetes
(146, 148) in rodents. In female rats, olanzapine reduced the
abundance of Actinobacteria and Proteobacteria compared to
controls (148). Another study found an increase in
Erysipelotrichia and Gammaproteobacteria and a reduced
abundance of Bacteroidia at class level (149). Olanzapine
inhibited the growth of Escherichia coli NC101 (149). One
study found no change in microbial composition after
olanzapine treatment, which may have been due to the short
duration of treatment (150). However, this study demonstrated
that acetate concentration changed, suggesting that olanzapine
did affect on this by-product of the microbiome function (150).
Risperidone increased Firmicutes, where Lactobacillus spp. were
reduced, and decreased Bacteroidetes, where Bacterioides spp.
were increased and Alistipes spp. decreased and Proteobacteria in
female C57BL/6] mice compared to controls (151). The most
abundant genera were Allabaculum spp. in risperidone treated
animals compared to controls (151). Risperidone treatment
resulted in weight gain (151). Transplant of fecal matter of
female C57BL/6] mice on risperidone treatment to naive mice
resulted in a decreased resting metabolic rate, which may have
contributed to the increase in body weight (151). Donor fecal
matter was analyzed for risperidone concentration, which was
10-fold less than to establish a dose-response curve (151).
Therefore, investigators concluded that the microbiota of
risperidone treated animals was the obesogenic factor rather
than the remaining risperidone within donor fecal samples (151).
In medically healthy males, risperidone treatment led to weight
gain with an altered gut microbiome compared to psychiatrically
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ill, but untreated patients. These findings with risperidone are
similar to the gut microbiota changes after olanzapine
administration. Antipsychotic treatment increased the abundance
of Lachnospiraceae and decreased the abundance of Akkermansia
after adjustment for body mass index in patients with bipolar
disorder (61). However, Akkermansia was less abundant in
nonobese, antipsychotic-treated patients (61). One publication
covered in this systematic review assessed the changes in first-
episode schizophrenia after 24-weeks of risperidone treatment (55).
Chronic risperidone treatment altered metabolic parameters such
as an increase in weight, body mass index, fasting serum glucose
levels, triglycerides, and low-density lipoproteins (Table 2).
Risperidone treatment increased Bifidobacterium spp. and
Escherichia coli and decrease the abundance of Clostridium
coccoides and Lactobacillus spp. (55) (Figure 6 and Table 2).

Oxytocin

As the ever evolving literature recognizes the need for new drug
treatments to complement the presently used antipsychotic
medication, the neuropeptide oxytocin has been suggested as a
potential novel treatment approach (152). Evidence from preclinical
and clinical studies suggest therapeutic effects on all symptom
domains of schizophrenia, with particular improvement in the
negative symptoms (152). A potential link with the microbiome
is suggested by the finding that the bacterium Lactobacillus reuteri
upregulates oxytocin (153). One study we presented in this
systematic review in first episode psychosis patients showed an
increased abundance of Lactobacillus reuteri (54). However, the
exact details of the interaction between oxytocin and the
microbiome are currently unknown.

In our systematic review, six articles assessed different stages
of the development of schizophrenia, such as high-risk, UHR,
first-episode psychosis, first-episode schizophrenia, chronic
schizophrenia. High-risk, UHR, and first-episode schizophrenia,
first-episode psychosis patients were at study onset drug naive (4,
54, 55). For chronic patients, antipsychotic treatment had to be
more than six months of use. Therefore, changes might be
cofounded by antipsychotic treatment (40, 56, 57). More studies
are needed to identify the influence of antipsychotic medication
on the gut microbiome.

Functional Implication of the Change in
Microbiota on the Psychopathology of
Psychosis

Symptoms of Psychosis and the Gut Microbiome

Of the publications reviewed here, some have linked the gut
microbiome to symptoms seen in schizophrenia. In the
pharmacological model of schizophrenia, hyperactivity was
associated with an increase in Lachnospiraceae and Clostridiaceae
and at genus level an increase of Roseburia, Clostridium, and
Odoribacter (52) (Figure 6 and Table 2). In socially isolated
animals, activity was positively correlated with the abundance of
Bacillales. On the other hand, Clostridales was negatively correlated
with locomotor activity (46). Socially isolated animals had
increased locomotor activity in conjunction with reduced
Clostridales (46). Furthermore, Clostridiales was negatively

correlated with cognitive performance (46). Additionally, taxa
belonging to the order Clostridales, at family level Ruminococcaceae
and genus level Papillibacter were positively correlated to anxiety-like
behaviors (46). Bacillales were negatively correlated to anxiety-like
behaviors. Impaired contextual fear task, which investigates the
associative learning process, was associated with an increase in
Veillonella and Defluvitaleaceae UCG-011 (46).

In people with schizophrenia, negative symptoms were
related to decreased Ruminococcaceae, and self-reported
mental well-being was positively correlated with the phylum
Verrucomicrobia (56). Correlation analysis revealed that age of
disease onset positively correlated with Cyanobacteria at
phylum level, indicating that the earlier the disease onset, the
higher the abundance of Cyanobacteria. Depressive-like
symptoms were associated with an increased abundance of
Bacteroides. Veillonellaceae OTU191 were negatively
correlated with the Positive and Negative Syndrome
Scale (40). On the other hand, Bacteroidaceae OTU172,
Streptococcaceae OTU834, and two Lachnospiraceae OTUs
(477 and 629) were positively correlated with PANSS (40).
Bacterial numbers of Lactobacillus group, Lachnospiraceae,
Ruminococcaceae, and Bacteroides spp. were correlated with
symptom severity, particularly for negative symptoms and
poorer functioning (54). Positive symptoms were correlated
with bacteria of the Lactobacillus group (54).

Systemic biochemical changes and their relationship with the
gut microbiome have been investigated. It was identified that
Blautia, Coprococcus, and Roseburia were negatively associated
with vitamin B6, taurine, and hypotaurine metabolic pathway
and positively associated with methane metabolic pathways (57).
Increased inflammatory cytokines have been seen in patients
with schizophrenia (73). Hippocampal IL-10 and IL-6 correlated
with Peptostreptococcaceae positively (46), while Bacillales
correlated negatively with hippocampal IL-6 (46, 54). Interestingly,
if the microbial composition of first-episode psychosis clustered with
controls, these patients were more likely to show remission (70% of
patients) (54). However, patients with abnormal microbial
composition at baseline showed low remission rates (28% of
patients) (54). Analysis revealed that this remission was not due
to symptom severity at baseline (54). Clustering was not influenced
by physical activity, body mass index, type of psychosis, duration of
antipsychotic treatment, and the food consumed one week before
fecal sample collection (54).

In summary, the abundance of specific bacteria correlated
with behaviors and biochemical changes. This raises the
possibility of targeted treatment approaches, such as pre/
probiotics, to alleviate individual symptoms, however at this
point in time causation has not been established. Further studies
are required to link individual behaviors and biochemical
changes in psychosis to the gut microbiome.

Does the Microbiome Have a Pathogenic
Role in Psychosis?

To address this question, we investigated retrospective studies
to see if antibiotic use increased the prevalence of psychosis. A
nationwide, register-based cohort study in Denmark outlined
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that antibiotics increased the risk of mental health disorders,
which was independent of age, compared to antivirals and
antimycotics (154). The risk for mental disorders increased in a
dose-dependent manner, were a risk for mental disorders were
more likely in individuals with more treated infections (154).
The study showed that anti-infective agents were associated
with an increased risk for schizophrenia spectrum disorders
(154). Another study investigating the same Danish cohort
identified that maternal infection during pregnancy treated
with anti-infective agents increased the risk of mental
disorders in the offspring, compared to offspring without
maternal infection with anti-infective agents during
pregnancy (155). The risk of mental health was increased if
maternal infection treated with anti-infective medications
occurred during the second and third trimester (155). It can
be argued that maternal infection during pregnancy is known to
be a risk factor to develop schizophrenia (156). However,
Lydholm, Kohler-Forsberg (155) demonstrated that mental
health disorder risk increased in response to maternal
prescriptions during and after pregnancy. These recent
studies suggest that antibiotic treatment during pregnancy
and later in life may result in the later onset of schizophrenia.
However, these studies are merely observational and would
need further research to create causality.

Interestingly, animals, which received gut microbiome from
patients with schizophrenia via fecal microbial transplant, showed
a schizophrenia-like behavioral phenotype (40). Investigators
further verified that gut composition was altered through the
fecal microbial transplant and found that the gut microbiome
significantly differed compared to that of control mice and was
similar to that of patients with schizophrenia (40). Furthermore,
the gut microbiota was altered in UHR individuals (4). Therefore,
the changes in gut microbiota composition may contribute to the
development of the disease pathophysiology. If confirmed, this
raises the possibility to utilize the gut microbiome as an early
biomarker for schizophrenia spectrum disorders.

Further research should be directed toward the understanding of
bacteriophages, viruses that infect bacteria leading to the death of
the bacteria or integration of the phage into the gut microbiome
(78). Interestingly, a significantly increased abundance of
Lactobacillus phage phiadh has been identified at species level in
first-episode psychosis (54) and in patients with chronic
schizophrenia (57), as well as in the oropharyngeal microbiome
samples of patients with schizophrenia (78) (Figure 6 and Table 2).
However, the importance of bacteriophages is currently unknown
and will require further investigation.

If alterations in the gut microbiome do indeed play a
pathogenetic role in psychosis, agents, which modify the gut
microbiome, can be considered as a potential modifiers of the
disease process in schizophrenia. No research to date has
investigated the effects of pre-or probiotics, antibiotics, fecal
microbial transplant, or dietary intervention on the gut
microbiome, specifically in people with schizophrenia. Bacteroides
fragilis, a probiotic, in MIA model of schizophrenia in mice resulted
in the restoration of gut permeability, gene expression, and IL-6 in
the colon and normalized at family level Lachnospiraceae and

unclassified Bacteroidales (53). Behaviorally, Bacteroides fragilis
improved anxiety-like, sensorimotor, repetitive and
communicative behavior; however, Bacteroides fragilis treatment
did not affect sociability and social preference in MIA mice (53).
Similar behavioral effects were found with Bacteroides
thetaiotaomicron, whereas Enterococcus faecalis did not improve
anxiety-like and repetitive behavior (53). Therefore, probiotic
treatment might be a novel treatment for schizophrenia by
improving gut functioning. However, a current review comes to
the conclusion that the most recent evidence does not yet support
the use of probiotics for the treatment of psychiatric disorders and
more research is needed (157). Fecal microbial transplant, first
performed approximately 1700 years ago (158), has not yet been
described in either animal models or individuals with schizophrenia,
but has been trialed for multiple sclerosis, patients showing
normalization of neurological symptoms (159). These promising
results may open up a new area in which the therapeutic effects of
the microbiome can be taken advantage of. However, clinical trails
are needed as currently only speculations can be made.

The antibiotic minocycline, which exerts neuroprotective and
anti-inflammatory actions through supressing microglia activation
and the modulation of excitatory neurotransmission, have attracted
attention as potential treatments for schizophrenia, as shown by a
number of small pilot studies with encouraging results (160).
Although, a recent, large, randomized, placebo controlled clinical
trial has provided unequivocal results showing no measurable
therapeutic benefit on negative and other symptoms in patients
with schizophrenia spectrum disorders (161), it has to be
emphasized that active neuroinflammation involving microglial
activation and neuropathology was unlikely to be present during
the first years of schizophrenia, potentially explaining the lack of
effect. The involvement of the gut microbiome in the mediation of
the effects of minocycline has not been investigated.

Lastly, it is feasible to assume that diet could shift and
normalize the gut microbiome in individuals with psychosis.
The high fat, low carbohydrate ketogenic diet modifies the gut
microbiome in an animal model of autism (115). Ketogenic diet
increased Enterobacteriaceae and decreased Firmicutes, Lactobacillus
spp., and Roseburia (115), which were altered in schizophrenia
(Figure 6 and Table 2). We have recently reported that ketogenic
diet improves schizophrenia-like behaviors in an animal model of
schizophrenia (162, 163), which can be due to the diet-induced
alterations of the gut microbiome.

CONCLUSION

Overall, the studies covered by this systematic review demonstrate
that the gut microbiome in patients with schizophrenia spectrum
disorders and animal models of schizophrenia is different from
the microbiome of healthy controls. Once these initial findings
are replicated and further extended in different patient
populations the changes in the microbiome might be used as
an independent biomarker of psychosis for high-risk and UHR
individuals. While lifestyle factors do shape the gut microbiome,
it is currently uncertain how they contribute to psychosis.
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Lifestyle changes such as diet, exercise, and cessation of smoking
may influence the gut microbiome positively in individuals with
schizophrenia. Stress and other early life events are possible further
environmental factors contributing to this change. Multiple
pathways by which alterations in the gut microbiome may have
occurred, such as inflammation, the vagus nerve communication,
stress response, and metabolites produced by the microbiota have
been reviewed elsewhere (1, 5, 22). Clearly, more research is needed
to clarify the role of specific host extrinsic and intrinsic factors and
to identify specific mechanistic links, if any, between the gut
microbiota and psychosis. Animal and human studies showed
both similarities and differences in gut microbiota composition,
which reflect the well-known difficulties to translate between
preclinical and clinical research in the area of psychosis. Greater
understanding and reporting of methodology of the gut
microbiome will improve translatability from murine to
human studies.

We conclude that the gut microbiome changes may precede the
appearance of the diagnostic clinical symptoms of schizophrenia
spectrum disorders and may contribute to the disease
pathophysiology and the development of the behavioral
symptoms. Further rigorous, well reported preclinical and
longitudinal, mechanistically oriented clinical studies are needed to
provide more evidence to support these potential links. Normalizing
the altered gut microbiome with diet, pre- or probiotics, fecal
microbiome transfer, or pharmacological interventions, may lead
to improved symptom control and mitigation of the metabolic side
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G. Oppenheimer Center for Neurobiology of Stress and Resilience, Division of Digestive Diseases, Department of Medicine at
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Irritable bowel syndrome (IBS) is a brain-gut axis disorder characterized by abdominal pain
and altered bowel habits. IBS is a multifactorial, stress-sensitive disorder with evidence for
familial clustering attributed to genetic or shared environmental factors. However, there
are weak genetic associations reported with IBS and a lack of evidence to suggest that
major genetic factor(s) contribute to IBS pathophysiology. Studies on animal models of
stress, including early life stress, suggest a role for environmental factors, specifically,
stress associated with dysregulation of corticotropin releasing factor and hypothalamus-
pituitary-adrenal (HPA) axis pathways in the pathophysiology of IBS. Recent evidence
suggests that epigenetic mechanisms, which constitute molecular changes not driven by
a change in gene sequence, can mediate environmental effects on central and peripheral
function. Epigenetic alterations including DNA methylation changes, histone
modifications, and differential expression of non-coding RNAs (microRNA [miRNA] and
long non-coding RNA) have been associated with several diseases. The objective of this
review is to elucidate the molecular factors in the pathophysiology of IBS with an emphasis
on epigenetic mechanisms. Emerging evidence for epigenetic changes in IBS includes
changes in DNA methylation in animal models of IBS and patients with IBS, and various
miBNAs that have been associated with IBS and endophenotypes, such as increased
visceral sensitivity and intestinal permeability. DNA methylation, in particular, is an
emerging field in the realm of complex diseases and a promising mechanism which can
provide important insights into IBS pathogenesis and identify potential targets
for treatment.

Keywords: irritable bowel syndrome, IBS, epigenetics, visceral hypersensitivity, DNA methylation, microRNA,
histone modifications, long non-coding RNA

INTRODUCTION

Irritable bowel syndrome (IBS) is a complex condition characterized by alterations of bidirectional
brain-gut interactions affecting gastrointestinal (GI) function. It is a widely prevalent disorder
affecting about 5% to 11% of general population and occurs in children and adults and in men and
women although it is considered a female-predominant condition. Hallmark symptoms include the
presence of chronic or recurrent abdominal pain associated with altered bowel habits without
underlying structural abnormalities (1-4). IBS has been subdivided on the basis of predominant
bowel habits into diarrhea-predominant (IBS-D), constipation-predominant (IBS-C), or a mix of
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diarrhea and constipation (IBS-M) subtypes (3). IBS can coexist
with other GI disorders including gastroesophageal reflux disease
and functional dyspepsia, as well as somatic syndromes including
fibromyalgia, interstitial cystitis, migraine headaches, and
psychologic disorders (5). Due to its high prevalence, recurrent
nature of symptoms and a negative impact on health-related
quality of life (6), IBS is associated with substantial cost to
patients, the health care system, and society (7).

IBS is considered to be a multi-factorial disorder, however, its
pathophysiology is not completely understood. IBS and other
functional GI disorders have more recently been redefined by
experts as “disorders of gut-brain interactions (DGBI) classified
by GI symptoms related to any combination of the following:
motility disturbance, visceral hypersensitivity, altered mucosal
and immune function, altered gut microbiota, and altered central
nervous system (CNS) processing” (4). The presence of emotional
and psychological factors and food intolerance contribute to the
clinical presentation and can exacerbate IBS symptoms (8, 9).

Studies have shown that genetic factors have a modest effect in
IBS (10). In addition, there is increasing evidence of a strong
influence of environmental factors such as stress in its
pathogenesis. A number of studies have found that IBS patients
have a higher prevalence of stressful events including early adverse
life events (EALS), or traumatic experiences during childhood, as
well as current stressful life events in adulthood (11-13). The
mechanisms underlying long-term effects of stress and EALs may
result from epigenetic programing (14). Epigenetic changes refer
to molecular alterations that potentially lead to altered gene
expression resulting in a change in phenotype in absence of
alteration in the underlying gene sequence.

In this review, we summarize the genetic factors associated
with IBS and describe the role of epigenetic factors including
DNA methylation and histone modifications as links between
genes and environmental factors (e.g., stress) in the etiopathology
of IBS. We review the current knowledge of epigenetic
modifications associated with IBS in patients as well as in early
life stress animal models of IBS, and those associated with IBS
endophenotypes (defined as intermediate phenotypes of
subclinical traits) including stress and hypothalamic-pituitary—
adrenal (HPA) axis function, visceral hypersensitivity and
abdominal pain, and GI motility. Further, we briefly outline the
role of other epigenetic factors including non-coding RNAs (long
non-coding RNAs [IncRNAs] and microRNAs [miRNAs]) in IBS.
Finally, we will present a schematic model of our current
understanding of factors associated with IBS pathogenesis. A
better understanding of the epigenetic mechanisms in IBS can
open new avenues for the identification of novel therapeutic targets.

GENETIC CHANGES ASSOCIATED
WITH IBS

Familial Aggregation and Twin Studies

in IBS

IBS is often associated with familial clustering in which patients
report a family history of IBS (15-17). However, the strength of

the genetic association varies between studies. One study
reported familial aggregation in IBS but found no evidence of
association in spouses, suggesting either a possible genetic
etiology or an exposure to a shared household environmental
factor early in life as an underlying cause of IBS (18). Additional
evidence in favor of both a genetic and environmental etiology of
IBS comes from twin studies. Twin studies by Morris-Yates et al.
(19) and Svedberg et al. (20) provided evidence for genetic basis
of IBS in Australian and Swedish populations. In two large
studies on 281 twin pairs in the United States (21) and 3334
twin pairs in Norway (22), Levy et al. and Bengtson et al. showed
a higher concordance rate among monozygotic twins than in
dizygotic twins for IBS. However, one study by Mohammed et al.
(23), failed to replicate the differences in the concordance rates
between the monozygotic and dizygotic twin groups.
Interestingly, Levy et al. also reported that the presence of IBS
in the mother was a strong predictor of having IBS. The
proportion of twins who had mothers with IBS was 15.2%
which was significantly higher than the 6.7% of twins with IBS
who had a co-twin with IBS. Since dizygotic twins share about
the same number of genes with each other as each twin shares
with their mother, this study suggested that in addition to
heredity, social learning, and behavior may contribute to the
development of IBS (24).

Candidate Gene Studies in IBS

IBS has been associated with genetic variants in a number of
candidate genes. Genes associated with IBS in various studies are
listed in Table 1. These include single nucleotide polymorphisms
(SNPs) in genes related to signaling systems important in the
control of gut motility or sensation in IBS, which includes
serotoninergic (5-HT) system including tryptophan hydroxylase
(TPH), serotonin reuptake transporter (SERT), a, cholecystokinin
(CCK), voltage-gated sodium channels (Nav), Catechol-O-
methyltransferase (COMT), cannabinoids, and ion channels,
such as transient receptor potential (TRP) channels (TRPVI).
Immune related SNPs have been of particular interest in IBS based
on accumulating evidence showing immune activation in IBS
(25). However, findings have been variable across studies and
association of genes such as tumor necrosis factor (TNFot) and IL-
10 have not been consistent (26). A recent meta-analysis, which
included 12 published case-control studies found no significant
association with IBS with polymorphisms in genes such as IL-4,
IL-6, IL-8, IL-10, TNFA, IL-1R1, and IL-23R. However, SNP
rs4263839 which encodes for TNFSF15 was only moderately
associated with IBS, in particular with IBS-C (25). Candidate
gene association studies in IBS have been comprehensively
reviewed by Cheung et al. (27), Camilleri (28), and Gazouli
et al. (29).

Despite these genetic associations, it is not entirely
unexpected that the effects of an individual polymorphism on
the overall phenotype are modest because IBS is a complex,
multifactorial condition. Moreover, the development of disease
likely involves more than the presence of just a moderately
associated common variant. While SNPs of these genes alone
may not be sufficient to cause IBS or other complex chronic
pain conditions, they may interact with other genes and
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TABLE 1 | Genetic changes associated with irritable bowel syndrome (IBS).

Function Gene

Neurotransmission
Serotonin biosynthesis ~ Tryptophan hydroxylase (TPH7 and
TPHZ2 isoforms)

Serotonin reuptake transporter (SERT or

SLC6A4); 5-HT receptor 3A (HTR3A)

Serotonin reuptake;
Seretonin receptors

Adrenergic receptors,  Adrenergic receptors alpha (ADR2A,

Polymorphism

rs4537731, rs211105,
rs4570625

5-HT transporter linked
promoter region (5-HTT
LPR) deletion; rs25531;
rs1062613

alpha(2C) Del 322-325;

Endophenotype

IBS-D, IBS-C
IBS-C, IBS; IBS-D,
symptom severity and

anxiety

IBS-C, severity,

PMID

21073637, 24060757

12135035, 156361494, 17040410, 17564628,
17074108, 17241856, 18511740, 19426812,
19125330; 191256330, 24069428, 24512255,
21420406.

19833115, 26288143

Catecholamine ADR2C, ADRA1D), Catechol-o-methyl alpha(2A) -1291; alterations in brain
metabolism transferase (COMT) rs1556832, val158met regions, IBS
Neuropeptide Neuropeptide S receptor1 (NPSR7) rs2609234, rs6972158,  colonic transit, pain and 21437260
receptors rs1379928, rs1379928 gas
Cannabinoid Cannabinoid receptor1, (CNR1/CB1), AAT repeat frequency, IBS, abdominal pain, 19732772
mechanisms Fatty acid amide hydrolase (FAAH), rs806378 C385A, IBS-D, colonic motility,
Corticotropin-releasing hormone binding rs10474485 transit time, emotional
protein (CRHBP) abnormalities
Barrier function, Immune and Inflammatory Mediators
Barrier function, Toll-like receptor 9 (TLR9), Cadherein 1 rs5743836 PI-IBS, epithelial cell 20044998

adhesion
Cytokines

(CDH1)
Interleukin (IL)-6, IL-10, Tumor necrosis
factor-alpha (TNFa), IL-8, TNFSF15

rs1800870, rs1800872,
rs6478108, rs6478109,

barrier function
PI-IBS, IBS, IBS-D,
innate immune response

20044998; 22837345

rs7848647, rs4263839

lon Channels and Bile acids
Voltage-gated sodium channel NaV 1.5
(SCN5A), G protein-coupled bile acid
receptor 1 (GPBARYT), Klotho Beta
(KLB)

rs11554825,
rs17618244

IBS, colonic transit, fecal
bile acid

20044998, 21752155, 16279907, 23595519,
12477767, 15765388, 20337945, 22158028,
24409078, 22684480, 21636646, 25824902

Table 1 shows genetic changes associated with IBS and IBS endophenotypes. PMID, PubMed ID; IBS-D, IBS diarrhea subtype; IBS-C, IBS constipation subtype.

environmental factors including EALs and contribute to the
disease etiology. Therefore, an alternative approach has been to
evaluate an association of gene variants with specific IBS
subtypes (IBS-D, IBS-C, and IBS-M) as well as endophenotypes.
For example, we found that the SNP rs1556832 in the
catecholaminergic gene, adrenoceptor alpha 1D (ADRA1D), was
associated with IBS symptom severity and morphological changes
in brain regions that modulate sensory processing (30). In another
study, we demonstrated that the presence of IBS was significantly
associated with SNPs in corticotropin releasing hormone receptor
1 (CRH-RI) gene. These SNPs were associated with increased GI
symptom-related anxiety and acoustic startle response to threat in
IBS patients, suggesting that that CRH-R1 is involved in altered
stress responsiveness in IBS (30).

Genome Wide Association Studies (GWAS)
in IBS

Considering the challenges of identifying individual risk alleles in
case-control studies and the difficulty of defining significant gene
association with IBS, a GWAS using large samples has been
proposed as an alternative approach in an attempt to increase
sample size and homogeneity. Ek et al. reported a GWAS study
in IBS comprising of 534 IBS patients and 4,932 healthy controls,
followed by six independent clinical case-control replication
studies from different countries (31) where they identified
variants in KDLER2 and GRIP2IP (chromosome 7p22.1) genes
to be associated with IBS. KDLER2 codes for a family of
integral membrane protein with seven transmembrane
domains involved in intracellular signaling of bacterial toxins

(32), potentially relevant to the role of microbiota in IBS. The
GRID2IP gene encodes for a protein (delphilin) expressed
on fiber-Purkinje cell synapses in the brain involved in
glutamatergic neurotransmission, potentially relevant to pain
signaling (31, 33). Another GWAS with a smaller sample size
(172 IBS cases and 1,398 controls) conducted in an Australian
cohort found an association of protocadherin 15 (PCDHI5)
gene, encoding an integral membrane protein that mediates
calcium-dependent cell-cell adhesion (P~9 x 10-9).

GWAS studies have also evaluated other SNP associations in
IBS. TNFSF15 was found to be only nominally significant in the
GWAS study, contrasting with prior reports as mentioned
previously. Similar nominal associations were detected for other
genes such as Cell Division Cycle 42 (CDC42), Neurexophilin 1
(NXPHI) (34), 5-HT Receptor 3E (HTR3E) (35), Klothof} (KLB)
(36) and Sodium Voltage-Gated Channel Alpha Subunit 5
(SCN5A). Interestingly, SCN5A encodes the o-subunit of the
voltage-gated sodium channel NaV1.5. About 2% of patients with
IBS were found to carry mutations in SCN5A, most of which were
loss-of-function mutations that disrupted NaV1.5 channel function
(37). Additionally, in a GWAS study on self-reported IBS patients
and controls, Bonfiglio et al. identified variants at 9q31.2 locus that
were associated with IBS in women suggesting a role for sex
hormones in IBS (38). However, most genes associated with IBS
thus far represent non-validated findings and therefore their role in
IBS needs to be cautiously interpreted. Moreover, such
discrepancies are believed to arise from multifactorial nature of
the disease, phenotype heterogeneity (including variability in
endophenotypes) and/or sample sizes, among others.
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Additionally, the mechanisms involved in pain sensitization
and altered motility are likely multifactorial as demonstrated in
multiple clinical and animal studies in the past decades (39). These
functional alterations are mediated through cellular and molecular
changes mediated by genetic and epigenetic alterations (40)
detailed in the following sections. At the CNS level, proposed
mechanisms include plasticity of the endogenous pain modulation
system and structural changes in the brain (41, 42). An important
step towards understanding the complex pathogenesis of IBS lies
in the ability to discover the interface between genetic pathways
and epigenetic regulation mediated by gene-environment
interaction at peripheral (gut) and central (CNS) levels.

STRESS: AN ENVIRONMENTAL TRIGGER
FOR IBS

IBS is associated with various environmental factors including
chronic stress in early life and/or adulthood, diet (43-45), and
gastrointestinal infections (46, 47). Chronic stress can increase
an individual’s vulnerability to developing IBS and/or can trigger
or exacerbate the symptoms of IBS (48, 49). Stress is the body’s
reaction to a physical or psychological stimulus that disturbs the
homeostasis of an organism. Stress has wide-spread effects on gut
physiology, including changes in intestinal motility, mucosal
transport, and gut barrier function leading to changes in
permeability, and visceral perception. The biological effects of
stress are mediated by the sympathetic nervous system and
corticotropin releasing factor (CRF)/HPA axis pathways.
Glucocorticoids, which are major effector molecules of the
HPA axis, bind to their intracellular receptors and regulate the
physiological adaptations to stress (50, 51). Glucocorticoids
including cortisol/corticosterone initiates negative feedback
control via binding to glucocorticoid receptors (GR) and
mineralocorticoid receptors (MR) in brain regions including
hippocampus, paraventricular nucleus (PVN), and anterior
pituitary gland (52). However, in response to chronic and
uncontrollable stressors, maladaptive changes can be elicited
resulting in malfunctioning of stress systems affecting the brain
structure and function (53, 54).

Stress-Induced Visceral Hypersensitivity
and Motility Abnormalities in IBS

Many studies support an important role for stress in the IBS
pathophysiology and symptoms (8). The stress-induced activation
or augmentation of the CRF and HPA axis systems has been
associated with visceral hypersensitivity, an important feature of
IBS, in animal models (55-58). IBS patients have a greater
reactivity to stress compared to healthy subjects, as manifested
by a dysregulated HPA axis response, enhanced visceral
perception and gut motility, among other findings (59-61). IBS
has been associated with increased prevalence of EALs and a
growing body of evidence from both animal and human studies
supports the hypothesis that chronic stress, including EALs,
represent an important mechanism leading to changes in
glucocorticoid receptor (GR) expression, thereby increasing

responsiveness of the HPA axis (62). The HPA axis response is
regulated by a negative feedback though binding of cortisol to GRs
at multiple levels including the hypothalamus and hippocampus.
Impairment of this negative feedback mechanism can lead to a
dysregulation of the HPA axis, specifically an enhanced HPA axis
response due to reduced negative feedback from reduced
expression of GRs. The importance of an early life and
adulthood stress on this IBS phenotype was demonstrated in the
maternal separation (MS) animal model, where pups that were
maternally separated in early life and later subjected to psychologic
stress as an adult displayed post-stress visceral hypersensitivity,
increased corticosterone levels, and reduced expression of GRs in
the hippocampus (63, 64). Additionally, stress-induced visceral
hyperalgesia has been investigated in repeated water avoidance
stress (WAS), a validated rat model of psychological stress that
demonstrates many human IBS-like traits. A knockdown of GRs
has also been shown to increase visceromotor response to colonic
distention in animal models (65). Additionally, a neonatal
inflammation rat model suggested a role for inflammatory insult
in early life, which upregulates vasoactive intestinal peptide (Vip)
in the colon muscularis externa contributing to altered motility
and diarrhea-like symptoms as seen in IBS-D patients (66-68).

We found that GR expression was decreased in peripheral
blood mononuclear cells (PBMCs) in IBS patients in comparison
to healthy controls and that GR expression levels negatively
correlated with pituitary responsiveness (ACTH levels) to CRF
stimulation (69). That is, reduced GR expression was associated
with an enhanced HPA axis response. HPA axis function was
assessed in PBMCs because they are accessible and feasible to
study. Although GRs regulate HPA axis via negative feedback in
the CNS, changes in GRs on PBMCs have been reported in
psychiatric diseases, including changes in the number and
sensitivity of GRs (70, 71) and GR promoter methylation
status and mRNA expression (69, 72-74). Furthermore, the
transcriptome of peripheral blood has been shown to share
>80% homology with genes expressed in the brain, heart, liver,
spleen, colon, kidney, prostate, and stomach, and that there is a
broad movement of leukocyte subsets to and from the gut at
steady state, suggesting that PBMCs can reflect the molecular
events at the central and peripheral locations (75).

Stress, Intestinal Epithelial Barrier
Function and Immune System

Various animal models representing different stress paradigms
(e.g. restraint stress, WAS, neonatal MS, etc.) as well as studies in
human subjects have demonstrated an impairment in mucosal
barrier function, the enteric nervous system (ENS), and immune
system (76-78). These stress-induced changes result in
alterations in GI functions including increased intestinal
permeability, altered ion transport and hypersecretion, and
mucus secretion and are mediated by neuro-immune
mechanisms including the CRF system, which consists of CRF,
urocortins 1-3 (Ucn) and their receptors CRF-1R and CRF-2R
(79, 80). Barrier dysfunction may also occur early in IBS and is
hypothesized to contribute to low-grade intestinal immune
activation and increased visceral perception (81), specifically in
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IBS-D patients (82, 83) and post-infection IBS (PI-IBS) (84).
Additionally, an increase in paracellular permeability has been
correlated with the magnitude of visceral pain in IBS-D patients
(83). Furthermore, an exaggerated response to CRH infusion in
IBS patients was associated with an increase in cytokine levels
suggesting a correlation between stress and increased cytokine
levels (85). This is hypothesized to be mediated by
glucocorticoid-related epigenetic changes leading to inadequate
suppression of proinflammatory cytokines (40). It conceivable
that this contributes, at least in part, to the higher plasma levels
of cytokines reported in some IBS patients (86, 87).

Both local (intestinal) and systemic factors contribute to the
altered epithelial barrier function. Recent data indicate that
soluble mediators from fecal supernatants and mucosal
homogenates of IBS patients affect the epithelial integrity,
thereby increasing colonic permeability (88, 89). These studies
showed that the impairment of barrier integrity may be mediated
via the release of various mediators such as serine proteases or
histamine. Additionally, molecular alterations such as expression
of genes involved in barrier function (90) can mediate
permeability changes, which can in turn lead to permeation of
bacteria and their products.

EPIGENETIC MODIFICATIONS: A BRIDGE
BETWEEN ENVIRONMENT AND GENES
IN IBS

Epigenetic mechanisms alter gene expression without alterations
of underlying DNA sequence (91) and are key to the normal
development, cellular function, and differentiation into specific
lineages (92). These mechanisms broadly include DNA
methylation, histone modification, and non-coding RNA
mediated gene regulation as shown in Figure 1. Epigenetic
mechanisms play a role in synaptic plasticity, learning, and
memory (93), as well as in various neuropsychiatric conditions
including depression and pain (94). Long-lasting epigenetic
changes have been linked to early stress, childhood trauma or
abuse. Epigenetic changes are amenable to exogenous influences
and involve complex and dynamic interaction between the DNA
sequence, DNA and histone modifications and environmental
factors, all of which combine to produce the phenotype, thus
providing an important link between environment and

phenotype (95).

DNA Methylation in Animal Models of IBS
and IBS Patients

In vertebrates, DNA methylation occurs mostly in the context of
CpG dinucleotides by a covalent attachment of a methyl group to
the C5 position of cytosine (91). CpG islands (CGlIs) are short
interspersed DNA sequences (usually 1000 base-pairs) with a
high concentration of CpG residues, which are normally non-
methylated in contrast to the rest of the genome, which is
globally methylated. CGIs typically occur at or near the
transcription start site of genes (96) and when a CGI in the
promoter region of a gene is methylated, expression of the gene is

repressed. The exact mechanism of DNA methylation mediated
repression of gene expression has begun to be elucidated in
recent years. DNA methylation results in binding of methyl-
binding-domain (MBD) proteins, which are associated with large
protein complexes that contain histone deacetylases (HDACs)
and recruit histone methyl transferases (HMTs) leading to
chromatin remodeling (97). Both DNA methylation and the
proteins associated with MDBs are being investigated as
promising therapeutic targets (98). Additionally, recent studies
have demonstrated that methylation of CpG sites in the gene
body are positively correlated with gene expression and is a
potential therapeutic target in cancer (99). The quantification of
DNA methylation in diseased or environmentally impacted cells
could provide useful information for detection and treatment of
the disease.

DNA methylation changes, in particular, have been studied in
various chronic conditions including cancer (100), chronic pain
(101), and psychiatric diseases (102). Stress and other
environmental factors including EALs, diet and gut microbial
metabolites can potentially trigger epigenetic alterations (103,
104). For example, studies have demonstrated that maternal care
influences HPA axis function through epigenetic programming
of GR (coded by Nuclear Receptor Subfamily 3 Group C Member
1, or NR3CI) expression and that environment-induced
remodeling of the epigenome, or during chronic stress, can
result in long-term changes in gene expression (105-107).
Table 2A lists the epigenetic modifications reported in
association with IBS or animal models of IBS. The role of
central epigenetic regulatory mechanisms in stress-induced
visceral hypersensitivity has been demonstrated in MS and
WAS rat models. While MS animal models mimic the early life
stress, WAS simulates both acute and chronic effects of a
psychological stressor on colonic sensitivity, which have been
extensively reviewed by Greenwood-Van Meerveld et al. (108).
Stress-induced visceral hypersensitivity has been associated with
an increase in DNA methylation in the GR gene promoter and a
decreased expression of the GR gene in the amygdala of WAS
rats (109, 110). Additionally, the study identified a decrease in
DNA methylation and increased expression of the CRF gene
associate with visceral hypersensitivity in the amygdala of the
stressed rats. Hong et al. demonstrated that chronic stress
increased methylation of genes that regulate visceral pain
sensation in the peripheral nervous system of rats. They
reported that chronic stress resulted in increased promoter
methylation and reduced expression of the NR3CI (or GR)
gene in L6-S2 dorsal root ganglia (111). In human subjects,
DNA methylation in brains of suicide victims with a history of
childhood abuse was associated with increased methylation and
decreased expression of GR gene compared to suicide victims
with no history of childhood maltreatment (106). However, no
clear consensus exists regarding DNA methylation of the GR
gene in IBS patients.

In a genome-wide methylation scan followed by targeted
sequencing, we previously demonstrated an association of
DNA methylation of several CpG sites in PBMCs in IBS
patients compared to healthy controls (112). We reported an
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FIGURE 1 | Major epigenetic changes studied in the context of irritable bowel syndrome (IBS). Shows a conceptual model of major epigenetic changes studied in
the context of IBS. Lines with blue boxes represent genes with promoter regions. Blue boxes represent exons, lines before exon 1 represents promoter region and
the lines between exons represent introns. The top panel shows active transcription in the unmethylated state of the gene, which when methylated (Me) at the
promoter region leads to transcription inactivation. Middle panel shows two representative histone modifications, histone acetylation at the N-terminal tail, which is
usually associated with activation of transcription and histone methylation, specifically, addition of a tri-methyl group (Me3) at 27" lysine (K) on the N-terminal tail,
which is associated with transcription repression. The bottom panel shows mechanism of transcription regulation by non-coding RNAs. MicroRNA genes are
transcribed to immature precursor miRNAs that are processed to form mature miRNAs, which bind to miRNAs either leading to mRNA degradation or inhibition of
translation. Long non-coding RNAs regulate transcription and translation, and function at the level of chromatin via interaction with RNA binding proteins.

increase in DNA methylation in genes including sub-
commissural organ (SCO)-Spondin (SSPO), glutathione-S-
transferases mu 5 (GSTM5) and tubulin polymerization
promoting protein (TPPP) in IBS patients compared to healthy
controls. SSPO is associated with neuronal function (113) and
has been suggested to play a role in depression and evidence
suggests that SCO secretory activity is regulated by the serotonin
system, which plays an important role in stress-related pathways
and in IBS (114). Additionally, an increased methylation of
GSTMS5, a gene that codes an enzyme that plays an important
role in antioxidant defense was associated with decreased gene
expression compared to controls. Although a role for oxidative
stress and the significance of epigenetic silencing of GSTM5 in
IBS is not known, DNA methylation mediated repression of
GSTM5 gene expression has been shown in other conditions
(115). Although larger independent studies may be required to
confirm the functional role of the associated genes, these studies
highlight the importance of epigenetic changes in IBS. DNA
methylation changes in blood cells can provide insights into

systemic changes associated with IBS and can serve as important
diagnostic and prognostic biomarkers (116).

Epigenetic changes in the gut mucosa can provide important
insights into the peripheral mechanisms of IBS. A recent study
investigated the genome-wide methylation predominantly in
promoter regions of genes, and gene expression in the colon of
rat WAS model and suggested an association of Notch signaling
and focal adhesion pathways with psychological stress (117). In a
recent study that included a relatively large cohort of IBS subjects
and healthy controls (n=102 and 36, respectively), we found
several DNA methylation changes in PBMCs as well as colonic
mucosa that were associated with IBS. There was increased
methylation of stress-related genes such as NR3CI, CRHRI,
brain-derived neurotrophic factor (BDNF) in PBMCs and/or
colon (118). In the colonic mucosa of IBS patients, we identified
distinct clusters of DNA methylation patterns highlighting the
heterogeneity in the epigenetic profiles of colonic mucosa of IBS
patients. A hyper-methylated cluster was associated with higher
symptom severity and abdominal pain compared to clusters with
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lower methylation levels and included genes such as
protocadherins (PCDHs), cadherins (CDHs), VIP, TRPV4, and
Guanylate Cyclase 1, Soluble, Beta 3 (GUCY1B3) which were
significant after correcting for multiple comparisons. Thus, these
studies suggest that DNA methylation changes are important
pathophysiologic mechanisms in IBS and should be
further evaluated.

Histone Modifications in Animal Models

of IBS

In eukaryotic cells, genes complex with histone and other
chromosomal proteins to form a chromatin scaffold. Histone
modifications play an important role in regulation of gene
expression. The histone tails undergo a variety of covalent
modifications, that include lysine acetylation, methylation,
ubiquitination, and sumoylation, among others (119)
(Figure 1). Acetylation and methylation are some of the most
studied histone modifications so far. In general, acetylation of
core histone tails leads to open chromatin structure to allow
transcription and the histone deacetylases (HDACs) oppose
the effects of histone acetylases and are predominantly
transcriptional repressors (120). Histone methylation is more
complex and can occur on a specific lysine or arginine residue.
Depending on the residues being methylated and the number of
methylation molecules added (each methylated lysine residue
can exist in a mono-, di-, or tri-methylated state), histone
methylation may be associated with either an active or a silent
state of chromatin. For example, H3K27me3 is associated with
transcription repression whereas, H3K4me3 is generally
associated with active transcription.

Recent studies have highlighted antinociceptive effects of
histone acetylation and lysine tri-methylation in inflammatory
and neuropathic pain models (121, 122). In the partial sciatic
nerve ligation model of neuropathic pain, an increase in the
expression levels of monocyte chemotactic protein-3 (MCP3), a
pro-inflammatory cytokine was associated with reduced levels of
repressive histone methylation, H3K27me3 (123). A role for
histone acetylation has been suggested in the pathophysiology of
visceral hypersensitivity induced by early-life stress in the MS
animal model of IBS (124). Moloney et al. showed that HDAC
inhibitor, suberoylanilide hydroxamic acid (SAHA), reversed
visceral hypersensitivity, and the effects of stress on fecal pellet
output in animal models of early life stress highlighting the
importance of histone acetylation in stress-related conditions
(125). Hong et al. demonstrated an increased expression of
histone acetyltransferase EP300, which induced acetylation of
histone H3 of promoter of nociceptive endovanilloid TRPV1
gene in the chronic WAS model of IBS. Moreover, they
demonstrated that siRNA mediated knockdown of EP300
prevented visceral hyperalgesia (126).

Animal models suggest that neonatal inflammation may
contribute to altered gut motility via histone modification. In
rats subjected to neonatal inflammation, Vip levels increased,
which reduced the interaction of histone deacetylase 3 (HDAC3)
with ot1C-subunit of Cav1.2b channel (Cacnalc or al1C1b). This

resulted in increased acetylation of histone H3 lysine 9 (H3K9) in
the promoter region inducing the transcription of a1C1b which
may result in gut dysmotility and diarrhea (67). Similarly,
neonatal immune challenge led to an upregulation of tyrosine
hydroxylase in the locus coeruleus, mediated by epigenetic
programming (127). The study showed a cascade of events
involving upregulation of norepinephrine, activation of
adrenergic receptors, and involvement of enhanced pCREB
binding to the cAMP response element, which resulted in
recruitment of histone acetylene transferase (HAT) to the
brain derived neurotrophic factor (BDNF) gene. This led to an
enhanced expression of the BDNF and aggravated visceromotor
response to colorectal distension.

MicroRNA in Animal Models of IBS and
IBS Patients

MiRNAs are endogenous noncoding RNAs of small size (18-25
nucleotides) that have been characterized as important gene
expression regulators via binding through complementary
sequence homology to the 3’-untranslated region (UTR) of
target mRNAs thereby causing repression of translation or
mRNA degradation (128) (Figure 1). Involvement of miRNA
in cancer is well established and emerging research indicates a
role of miRNA in the regulation of genes that play a role in
nociceptive circuits (129). It has been suggested that miRNAs
interacting with nervous and immune systems may act as
“master switches” regulating a network of genes orchestrating
the pain response and may be targeted for therapeutic purposes
contrasting with the current strategy focusing on single targets
(129). This approach is highly relevant to the GI tract where
neuroimmune interactions are key contributors to the control of
GI functions.

Recent translational studies in IBS have identified several
miRNAs (Table 2B) that appear to be important in regulating
the expression of genes involved in visceral pain response or
intestinal permeability. In a study conducted in two independent
cohorts of IBS-D women in in the UK and Germany, there was
an association between the c.*76G>A variant in the 3'UTR of the
serotonin receptor 3 subunit gene (HTR3E), leading to increased
expression of the 5HT3E subunit, and (131). Using luciferase
assays, this variation was located in the binding element
sequence of miR-510 suggesting a functional implication of the
HTR3E variation in the ability of miR-510 to regulate its
gene expression.

Fourie et al. investigated whether circulating miRNAs are
differentially expressed in a small number of IBS patients
compared to healthy controls (132). This study found an
upregulation of miR-150 and miR-342-3p, which are involved
in inflammatory (133) and pain pathways, in IBS patients
compared to healthy controls (134). Subsequent studies from
Zhou et al, using a miRNA microarray approach, revealed
increased expression of miR-29a in blood microvesicles, small
bowel and colonic biopsies from IBS-D patients compared to
healthy controls, and it was associated with increased intestinal
permeability (135). Glutamine synthetase was confirmed as a
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TABLE 2A | Epigenetic changes associated with irritable bowel syndrome (IBS).

Functional Gene Sample IBS vs controls Phenotype PMID
category
DNA methylation
Oxidative Glutathione-S-transferases mu 5 (GSTM5) PBMCs Hyper-methylated IBS-D 26670691
stress
Neuronal SCO-Spondin (SSPO) PBMCs Hyper-methylated IBS; HAD" 26670691
genes depression
Tubulin polymerization promoting protein (TPPP) PBMCs Hyper-methylated IBS-C 26670691
SSX family member 2 interacting protein Colon of WAS® Hyper-methylated Visceral 30106160
(Ssx2ip) hypersensitivity
Par-3 family cell polarity regulator (Pard3) Colon of WAS® Hyper-methylated Visceral 30106160
hypersensitivity
Vinculin (Vcl) Colon of WAS® Hyper-methylated Visceral 30106160
hypersensitivity
Gilucocorticoid receptor (Nr3c1) MS Amygdala/DRG” Hyper-methylated Visceral 25263804
neurons in WAS® hypersensitivity 23084728
Corticotropin-releasing factor (Crf) Amygdala/DRG Hypo-methylated Visceral 23084728
neurons in WAS® hypersensitivity
Cannabinoid receptor 1(Cnr1) DRG” neurons in WAS® Hyper-methylated Visceral 25263804
hypersensitivity
Histone modifications
Neuronal Transient receptor potential cation channel DRG neurons in WAS®  Increased histone (H3) acetylation Visceral 25263804
genes subfamily V- member 1 (Trpv1) hypersensitivity
Brain derived neurotrophic factor (Bdnf) Neonatal inflammation histone acetylene transferase (HAT) Visceral sensitivity 28439935
Calcium Cacnalc Neonatal inflammation Reduced interaction with histone Altered motility 23886858
channels deacetylase 3 (HDAC3) and diarrhea

Table 2A shows epigenetic changes, including DNA methylation and histone modifications associated with IBS or IBS models. *HAD, hospital anxiety depression scale; PMID, PubMed ID;
$WAS, water avoidance stress; *DRG, dorsal root ganglia; IBS-D, IBS diarrhea subtype; IBS-C, IBS constipation subtype; Hyper-methylation, increased methylation; Hypo-methyiation,

decreased methylation.

target of miR-29A and was significantly reduced in the small
bowel mucosa in IBS patients suggesting a relationship between
miR-29a, glutamine dependent signaling pathways and intestinal
permeability in IBS patients. In a randomized placebo-controlled
trial, glutamate was shown to safely and effectively reduce IBS
symptoms in post-infection IBS-D patients with increased
intestinal permeability (136). Subsequently, Zhou et al. showed
increased levels of mir-29A/B and reduced expression of NFKB
Repressing Factor (NKRF) and Claudin 1 (CLDNI) genes in
intestinal tissue from IBS-D patients as well as TNBS colitis and
WAS rat models of IBS (137). Additionally, they showed that
miR-199a was significantly decreased in IBS-D patients
compared to controls and an upregulation in animal models
decreased visceral pain via inhibition of TRPV1 signaling.

Subsequently, the role of other miRNAs has been identified in
IBS. CGN and CLDN2, associated with barrier function were
shown to be the targets of hsa-miR-125b-5p and hsa-miR-16,
which were downregulated in jejunal mucosal samples of IBS-D
(138). Similarly, occludin (OCLN) and zonula occludens 1 (ZO1/
TJP1), which are associated with intestinal permeability, were
identified as direct targets of miR-144 in the colon of IBS-D rat
models (139). In addition, the role of miRNAs in visceral
hyperalgesia has been suggested by altered levels of miRNAs,
including miR-200a which targets cannabinoid receptor 1
(CNR1) and serotonin transporter (SERT) (140), miR-214
which targets SERT (141), and miR-16 and miR-103 which
target HTR4 (142) in a rat model of IBS-D and human IBS-D
colonic epithelial cells.

These studies have led to an increased understanding of the
molecular mechanisms underlying some of the endophenotypes
of IBS. Thus, they may be explored as diagnostic tools and have
potential to form a basis for the therapeutic interventions being
proposed in IBS (135). However, further studies examining their
exact mechanisms in IBS and that can reproduce previous
findings in a larger population are needed. These translational
discoveries have prompted growing interest in miRNA-based
therapy for IBS, although delivering drugs targeting miRNA to
the intestinal tissue currently stands as a major obstacle and is
being actively investigated (143).

Long Non-Coding RNAs in IBS

LncRNAs are transcripts that measure more than 200
nucleotides in length and are processed similar to protein-
coding mRNAs (144). Although the functional mechanisms of
most IncRNAs are not fully understood, they are known to
exhibit diverse functional roles, including the gene regulation by
chromatin remodeling, modulation of gene expression,
localization, and stability (145) (Figure 1). Recently, Videlock
et al. investigated the entire colonic mucosal transcriptome and
found that a IncRNA, GREHLOS, which regulates the expression
of motilin involved in smooth muscle contraction, was
downregulated in IBS patients compared to healthy controls
(130). Recently, increased expression of a IncRNA, X inactivate-
specific transcript (XIST) was associated with decrease SERT
transcription and increased visceral hypersensitivity in mouse
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TABLE 2B | Non-coding RNAs associated with irritable bowel syndrome (IBS).

Targets Endophenotype Sample miRNA PMID
regulation in
IBS/model
MicroRNAs
miR-510 5-hydroxytryptamine receptor 3E(HTR3E), IBS-D Colonic mucosa, and cells Downregulated =~ 18614545
PRDX1 26787495
31934286
miR-150 and Exploratory Inflammatory and pain Whole blood Upregulated 24768587
miR-342-3p pathways
miR-199a Transient receptor potential cation channel IBS-D, visceral pain Colonic biopsies Downregulated =~ 25681400
subfamily V- member 1(TRPV1)
miR-29a Glutamate-ammonia ligase (GLUL), Aquaporin Intestinal permeability Colon and duodenum of IBS; colonic Upregulated 19951903
(AQP) 1, AQP3 and AQP8 epithelial cells of IBS-D rat models 29156760
miR-16 HTR4 Intestinal sensitivity and ~ Colon of IBS-D; Jejunum of IBS-D Downregulated =~ 29089619
CLDN2 motility; permeability 28082316
miR-103 5-hydroxytryptamine receptor 4 (HTR4) Intestinal sensitivity and ~ Colon of IBS-D Downregulated =~ 29089619
motility
miR-125b Cingulin (CGN) Permeability Jejunum of IBS-D Downregulated 28082316
miR-144 Occluding (OCLN), Intestinal permeability Colon of BS-D rat model Upregulated 29258088
Zona Occludensi (ZO1)
miR-200a Cannabinoid receptor 1(CNR1), Serotonin Visceral hypersensitivity ~ Colon of IBS-D rat model Upregulated 30347941
transporter (SERT)
miR-24 SERT Pain and nociception Epithelial cells of colon and mouse Upgregulated 26631964
model of IBS
LncRNAs
GHRLOS Motilin Smooth muscle Colonic mucosa of IBS Downregulated  Videlock et al.
contraction (130)
XIST SERT Visceral hypersenitivity Colon of mouse model of IBS Upregulated 32446903

Table 2B shows epigenetic changes including miRNA and long non-coding RNA expression changes associated with IBS or IBS models. IBS-D, IBS diarrhea subtype.

model of IBS-D. The study suggested a role for XIST in recruiting
DNA methyl transferases, DNMT1, DNMT3A, and DNMT3B to
reduce SERT transcription via promoter methylation.

Microbiome and Diet as Environmental
Factors Mediating Epigenetic Changes

in IBS

Recent studies are starting to investigate an interaction of
microbiome, diet, and epigenetics defined as “microbiota-
nutrient metabolism-epigenetics axis” in complex diseases
(146). Evidence suggests that epigenetic events are dynamic
and responsive to changing nutrient availability and
microbiome (104, 146, 147). Although the role of microbes
and their metabolites on epigenetic machinery in the
manifestation of IBS symptoms has not been investigated,
there is indirect evidence for the role of microbial products
involved in epigenetic modifications in eliciting visceral
hypersensitivity (148). These interactions may be mediated by
metabolites synthesized by commensal bacteria including
neurotransmitters or short-chain fatty acids (SCFAs) (149).
SCFAs, including butyrate, propionate, and acetate produced
by the fermentation of host dietary polysaccharides, have
neuroactive properties (150) and may play an important role
in the brain-gut microbiome axis in IBS (151). SFCAs have been
shown to regulate post-translational modifications of histones by
inhibiting histone deacetylases, promoting active chromatin state
and thereby promoting transcription (152, 153).

Nutrigenomics, the study of interaction of diet and genomic
factors is an emerging topic in the context of IBS (154, 155). The
majority of patients with IBS report meal-related symptoms and
dietary modifications is an increasing treatment intervention
used in IBS. For example, a low FODMAP (fermentable oligo-,
di-, and mono-saccharides and polyols) diet has been associated
with alleviation of IBS symptoms (156-157). Additionally,
nutrition or diet can affect the epigenomic state. The role of
diet in regulating epigenetic pathways is highlighted by a recent
study, which showed that calorie restriction changes gene
expression and DNA methylation profile of subcutaneous
adipose tissue (147). It is suggested that diet and microbial
metabolites influence the epigenome by impacting the pool of
compounds or enzymes involved in epigenetic pathways (102).
In particular, dietary components, co-factors, and vitamins
including, S-adenosyl methionine (SAM), folate, vitamin B12,
vitamin B6, acetyl-CoA have been shown to play a role in
regulating histone modifications or DNA methylation levels
(146). Therefore, investigating interactions between diet,
microbiome and epigenetic factors may be important in
understanding the etiology of IBS and developing personalized
therapy for IBS.

MODEL FOR ETIOPATHOGENESIS OF IBS

Genetic, epigenetic, and other factors associated with IBS have
been summarized in a schematic figure (Figure 2). IBS is a
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FIGURE 2 | Genetic, epigenetic, environmental and peripheral factors in irritable bowel syndrome. Shows a schematic model of genetic and epigenetic factors
influencing IBS. Pink arrows illustrate that genetic factors including SNPs can influence the gene expression either directly or mediated by epigenetic factors including
DNA methylation, histone modifications, miRNA and IncRNA expression (purple arrow). Environmental factors including stress and psychological factors at CNS level
and dietary factors at gastrointestinal level can induce changes in gene expression mediated by epigenetic or non-genetic/epigenetic factors, and can have a direct
influence on CNS and gut function (blue arrows). Peripheral or gut factors including Gl infection or other host or microbial factors, can potentially modify the function
of genes mediated by epigenetic or non-epigenetic factors, and influence the CNS and gut function (green arrows) such as, pain modulation, sensation, immunity,
barrier function, colonic transit and secretion to manifest the symptoms of IBS (orange-red arrow).

multifactorial disorder of gut-brain interactions. In addition to
stress, diet, and other environmental factors, changes at
molecular level including genetic and epigenetic factors may
contribute to pain modulation at the CNS level and/or periphery,
and affect immune function, oxidative stress, mucosal barrier
function, and GI motor and secretory function at the peripheral
level in IBS. Moreover, gut microbiota and their metabolites
likely contribute to this integrated system and play a major role
in the pathogenesis of IBS. Given that IBS is a complex,
multifactorial disorder, we propose that epigenomic
mechanisms imprint dynamic environmental effects on the
fixed genome resulting in alterations in phenotype leading to a
disease state. These changes are potentially reversible and can be
powerful diagnostic and prognostic markers and therapeutic
targets (158).

CONCLUSION

Understanding the role of neuroimmune, genetic, epigenetic, and
microbial underpinnings in IBS is crucial to understanding the
pathophysiology of IBS. The mechanisms of visceral pain and
neuro-motor dysfunction, resulting in the symptoms of IBS are
influenced by several factors including stress, genetic, epigenetic
as well as microbiota. An in-depth investigation of these factors
independently, as well as integratively, in a sufficiently large,

well-characterized patient and control populations is crucial in
understanding the etio-pathology of IBS and in identifying
reliable and validated diagnostic biomarkers and therapeutic
targets in IBS.
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Placebo Responses and Placebo
Effects in Functional Gastrointestinal
Disorders

Paul Enck* and Sibylle Klosterhalfen

Department of Internal Medicine VI: Psychosomatic Medicine and Psychotherapy, University Hospital Ttbingen, Tibingen,
Germany

Much has been written about the placebo effects in functional gastrointestinal disorders
(FGD), especially in irritable bowel syndrome (IBS), driven by the early hypothesis that in
randomized controlled trials (RCTs) of IBS, the placebo effect might be specifically high
and thus, corrupts the efficacy of novel drugs developed for this condition. This narrative
review is based on a specific search method, a database (www.jips.online) developed
since 2004 containing more than 4,500 papers (data papers, meta-analyses, systematic
reviews, reviews) pertinent to the topic placebo effects/placebo response. Three central
questions—deducted from the body of current literature—are addressed to explore the
evidence behind this hypothesis: What is the size placebo effect in FGD, especially in IBS,
and is it different from the placebo effect seen in other gastrointestinal disorders? Is the
placebo effect in FGD different from other functional, non-intestinal disorders, e.g. in other
pain syndromes? Is the placebo effect in FGD related to placebo effects seen in psychiatry,
e.g. in depression, anxiety disorders, and alike? Following this discussion, a fourth
question is raised as the result of the three: What are the consequences of this for
future drug trials in FGD? In summary it is concluded that, contrary to common belief and
discussion, the placebo effect seen in RCT in FGD is not specifically high and extraordinary
as compared to other comparable (i.e. functional) disorders. It shares less than expected
commonalities with the placebo effect in psychiatry, and very few predictors have yet been
identified that determine its effect size, especially some that are driven by design features
of the studies. Current practice of RCT in IBS seems to limit and control the placebo effect
quite well, and future trial practice, e.g. head-to-head trial, still offers options to maintain
this control, even in the absence of placebos used.

Keywords: irritable bowel syndrome, clinical trial, functional dyspepsia, placebo, nocebo

INTRODUCTION

Much has been written—by us (1-4) and by others (5-7)—about the placebo effects in functional
gastrointestinal disorders (FGD), especially in irritable bowel syndrome (IBS), driven by the early
hypothesis that in randomized controlled trials (RCTs) of IBS, the placebo effect might be
specifically high (8) and thus, corrupts the efficacy of novel drugs developed for this condition
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(9). This has been a popular statement over the next two decades
and is still around among many gastroenterologists when
explaining the difficulties of IBS RCT and the lack of effective
treatment. Previous reviews have attempted to contradict this
common belief, but until very recently, a comparison between
placebo response rates in IBS, in other functional bowel
disorders, in non-functional gastrointestinal disorders and in
associated disorders in psychiatry was lacking. While systematic
reviews and meta-analyses to estimate the effect size of placebos
in comparison to those of drugs were published, a direct
comparison of the determinants of the placebo response, e.g. in
psychiatry, was and is not available.

METHODS

The specific approach taken to assess the relevant papers for the
topic of this review is described in more detail elsewhere (10). In
an attempt to comprehensively screen the entire medical
literature published for papers reporting the placebo effect/
placebo response, a PubMed search using the single search
term “placebo” was conducted in early 2004. This resulted in
more than 100,000 papers at that time. The title and abstracts of
these papers were screened retrospectively (at a frequency of
maximally 1,000 per day, 7 days a week for about one year), to
identify the approximately 1% of all papers relevant for placebo
research. These papers were stored in an Endnote-like database,
respective PDFs were collected, and made available to the local
working group in Tiibingen. A few years later, a similar search
using the term “nocebo” was added. Papers found occasionally
and incidentally in book chapters and papers not available via
PUBMED were added manually to the database, as were papers
suggested by colleagues and other researchers.

At the same time (2003), a prospective PUBMED search was
started that resulted in weekly reports of newly published papers
with either of the two terms (on average 200 per week altogether)
and again screened for relevance for placebo research. The 1%
outcome has increased to about 2% over the years. Overall, this
resulted in a database of approximately 4,500 papers (data papers,
meta-analyses, systematic reviews, reviews, commentaries, and a
limited number of letters) as of mid 2020. These references and
monthly updates thereof were made available to the scientific
community via a newsletter that can be subscribed at <www.jips.
online> and has currently a few hundred subscribers. For the
purpose of this review and other papers published in the last few
years by us and others, this database is screen for new papers
relevant to specific topics, such as placebo effects in functional
bowel disorders.

So, why another review of the topic, especially in times when
drug testing tends to move away from placebo-controlled trials and
towards “real life” studies, studies that mimic daily medical routine
rather than promote (self-)selection of patients willing to take part
in a placebo-controlled test, while others, and presumably the more
severely affected patients, prefer open-label treatment, even with
novel compounds. Such “observational studies” are experiencing
rediscovery and support not only by patients and patient

organizations but also by approval authorities. However,
eliminating placebos in drug testing does not eliminate the
placebo response that is inherent to all medical (and
psychological) interventions, even when provided by
computerized algorithms—the digital placebo response (11). It
has recently been proposed that even with open-label
observational studies, proper control of some of the mediators of
the placebo response is feasible (12) and thereby insists on a
scientific rather than a pragmatic approach.

RESULTS

In the following, an answer to three major questions that are
posed by the continuing discussion is attempted:

A: How large is placebo effect in FGD, especially in IBS, and is it
different from the placebo effect seen in other gastrointestinal
disorders, such as in IBD?

B: Is the placebo effect in FGD different from other functional,
non-intestinal disorders, e.g. in other pain syndromes?

C: Is the placebo effect in FGD related to placebo effects seen in
psychiatry, e.g. in depression, anxiety disorders, and alike?

Following this discussion, a fourth question is raised as a
consequence of the three:

D: What are the consequences of this for future drug trials in
FGD?

While most of the current knowledge about the placebo effect
and the placebo response can be easily accessed via the web-
platform that was established (www.jips.online) and that
currently (end of 2019) contains nearly 4,500 papers (data
paper, reviews, meta-analyses) genuinely discussing the placebo
effects in medicine (10), final answers are far from being readily
available. It may just be that this is our final contribution to
the discussion.

In the following, the terms placebo effect and placebo
response are used more or less interchangeably, but this is in
light of the fact that this is a deviation from common practice
and definitions [e.g. (13)]; for the purpose of this paper it may,
however, be acceptable to simplify explanations and
ease understanding.

A: Is The Placebo Effect in FGD (IBS)
Different From Other Gastrointestinal
Disorders?

The first step to answer this question is to check how large the
placebo effect in IBS is, overall and not only in a few but in all
studies. According to some meta-analyses the overall size of the
placebo effect in IBS is in the range of 40%, be it in conventional
drug trials (14), in complementary and alternative medicine
interventions (7), or in nutritional interventions (15), with the
latter challenged by larger difficulties to maintain some of the
standards of good scientific practice, e.g. appropriate double-
blinding, compliance control, and other features (16).
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While attributing 40% of improvement to placebo effects in
RCT in IBS seems a lot, this has much to do with the chosen
primary endpoints of these studies: Clinical experts and/or
approval authorities may have agreed on meaningful degrees of
improvement (e.g. at least 30% change in average pain rating for
one week on a visual analog scale (VAS) between 0 = no pain and
10 = highest imagined—or experienced—pain); the subsequent
division of patients into responders meeting these criteria and
non-responders simplifies decision making for the benefit of the
approval process, but not for clinical routine: are the patients
responding with a 29% improvement only really non-responders
in comparison to the ones with a 30% improvement, and is the
patient with the 90% improvement really the same type of
responder than the one just meeting the 30% threshold?
Dichotomizations of this kind may ignore potentially clinically
meaningful differences by reducing data variance, but they ease
power calculations, efficacy statistics, and publishing attempts, as
well as marketing strategies of the drug. However, for the meta-
analyses that have found the 40% to be the average size of the
placebo effect, the dichotomization effect may be less pronounced,
as long as the same entry criteria into the studies were used.
Whether or not this was the case is not as much a consequence of
the patient definitions at times (Rom to Rome IV) (17) but rather
of the recruitment strategies at the level of the single centers.

The hypothesis that IBS studies yield a higher-than-usual
placebo response stems from the times before the Rome
definitions of IBS and was first mentioned in a review by Klein
(8) as early as 1988. It was Spillers (9) 1999 prediction that the
placebo effect would decline to an average rate of 20% once
longer studies than the usual 4-week trials were conducted
(Figure 1). However, as was shown (19), the high placebo
response rates in earlier studies were not as much a function of
the trial duration but rather a function of the number of patients
included (Figure 2). Small sample sizes carried the risk of higher

AP
g e
YL ]
2 .
S w_fO/\;
& © 0 \\ o
o A [ ] S —
Qo
‘8“ o o o \“M
[
QT
0 10 20 30 40 50 60

FIGURE 1 | Association between placebo response rates and the duration of
treatment in 26 IBS studies from a review (9), supplemented by the first
1-year study (18) (blue dot).The non-linear (rational) regression function is
highly significant, but note there are only two studies that lasted longer than
12 weeks at that time. Evidently (what we know now) with longer treatment
duration the placebo response rate will be substantially higher (40%) than the
25% in the initial prediction. (Reproduced with permission from Elsevier).

variability of the placebo effect across studies, and it was the trials
with the highest response rates that drove the impression and
stuck in peoples mind; on average, the placebo response was
always around 40%. Another fact that may have driven higher
placebo response rates in individual RCT's was the fact that most
of these studies were single center trials, while multi-centric
studies became only the rule after 2000 (Figure 3). In
monocentric studies, a single empathic doctor can eliminate
the entire drug effect by raising the placebo response, especially
with small samples, while nowadays block-randomization
prevents or at least minimizes a disbalance in efficacy
between centers.

Much less is published about the placebo effects in RCT with
FGD other than IBS, e.g. in functional dyspepsia (FD), but a
systematic review from 2001 (20) yielded an overall placebo
response rate of 230/619 (37.2%) patients with functional (“non-
ulcer”) dyspepsia in 19 studies with gastroprokinetics, and it was
350/754 (46.4%) in 10 studies with acid blocking agents, resulting
in an overall placebo response of 42.2%. The placebo effect varied
between 6 and 73% (Figure 4) and therefore, was quite similar to
the IBS studies at the time (3 to 83%) (22). This was noted by
others as well (23) but has not (yet) led to an updated meta-
analysis of the response rate across all (or many) trials. A 2018
systematic review and meta-analysis of 43 prokinetic RCT in
functional dyspepsia (24) noted a 60% risk to be not symptom-
free after prokinetic treatment compared to a 74% risk after
placebo, with a rather high risk of bias in many studies. Thus, in
FD the placebo response seems to be of similar size to that in IBS
RCT. However, predictor analyses of the placebo response in
FGD other than IBS have never been performed.

A 2015 systematic review of placebo response rates across
many medical conditions (25) listed other gastrointestinal
diseases, such as gastric and duodenal ulcers, reflux disease,
and inflammatory bowel diseases that were meta-analyzed—a
few additional meta-analyses have been published ever since (see
Table 1). As can be seen, compared to IBS, the placebo response
rates in IBD, both ulcerative colitis (UC) and Crohn’s Disease
(CD), are somewhat lower and in the range of 15 to 30%,
depending on whether the endpoints were clinical benefit
(improvement) or remission (based on standardized, e.g.
endoscopic or histological criteria) and whether the studies
were to initiate or to maintain remission.

However, it is evident from these data that in chronic,
recurrent diseases as IBD the placebo response also includes
cases of spontaneous remission of the disease and are not easily
separated from these—for this, “no treatment control groups”
would be needed and that definitively is not possible in severe
and life-threatening diseases such as UC and CD, while it would
be possible (but never has been done) in IBS. Since spontaneous
waxing and waning of symptoms is also a characteristic on FGD,
care has to be taken not to overinterpret the placebo response
rates in IBS by ignoring spontaneous symptom variation and
others, e.g. methodological contributions to the placebo effect in
RCT. Across many mild or minor diseases, this has been done by
some authors (37-39), and they estimated these contributions to
explain 50% of the placebo effect.
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FIGURE 2 | Scatterplot between relative placebo response rates (n/N) and number of patients (log transformed) in the placebo arm of 102 randomized, double-
blinded placebo-controlled irritable bowel syndrome studies. It is evident that with sample sizes of more than 100 patients the placebo response tends toward 40%.
Open circles indicate studies powered 1:1, and dark marks indicate studies with different unbalanced randomization ratios. (Reproduced from Weimer & Enck (19),
with permission from Springer).
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FIGURE 3 | Number of IBS studies published between 1975 and 2010 (data according to Klein (8), Spiller (9), and own data compilations) according to their
mono-centric or multicentric nature. Note that monocentric studies dominated until 1990, while multi-center trials became more prevalent thereafter and were

the rule after 2010.

Not surprisingly, some meta-analyses in IBD have used the
placebo response rates in drug RCT to rather calculate the
relative risk of disease recurrence and relapse in maintenance
studies with IBD and found an increased risk compared to drug
in the range of 23.7% in CD patients after surgery (40), while
others (41) found the relapse rate in gastric ulcer studies to
be 3.29% higher with placebo as compared to the (acid
suppressing) drug. This is not to mix up the so-called nocebo
effects (42, 43) with the reports of adverse events (AE) while on
placebo during a double-blinded RCT, although this as well is

difficult to separate without adequate control groups, e.g.
register studies that include a “monitoring only” arm (12)
(see below).

B: Is the Placebo Effect in FGD Different
From Other Functional Non-Gl Disorders?
The question specifically addresses pain syndromes, as (visceral)
pain is the central characteristic of most FGD, although it is
admitted that among the very many functional syndromes the
Rome Committee has identified—altogether 38 in the Rome III
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FIGURE 4 | Placebo response rates (in %) in 29 functional dyspepsia studies [data according to Mearin et al. (21) and Allescher et al. (20)], sorted according to
length of study (in weeks). Each bar represents one study. The mean placebo response across all 45 trials is 40%. (Reproduced from Enck & Klosterhalfen (1), with
permission from Wiley).

TABLE 1 | Systematic Reviews and meta-analyses of placebo response rates in different functional and non-functional gastrointestinal diseases.

Author, Year Ref No Clinical Condition Number of studies/patients Pooled Placebo Response (%)
Pitz et al., 2005 5) IBS 53/6326 36 (global improvement)
Pitz et al., 2005 5) IBS 39/5445 28 (abdominal pain)
Patel et al., 2005 6) IBS 45/3352 40.2

Dorn 2010 (26) IBS 19/658 42.6 (CAM treatment)
Ford et al., 2010 (14) IBS 73/8364 37.5

Allescher et al., 2001 (19) NUD 29/1373 37.2/46.6"*

linyckyj et al., 1997 27) IBD-UC* 16/11/8 26.7/30.3/25.2

Su et al., 2004 (28) IBD-CD** 21/327 18

Jairath et al., 2017 (29) IBD-UC* 57/4062 19/22-10/33

Jairath et al., 2017 (30) IBD-CD** 100/7638 32/26-18/28

Estevinho et al., 2018 (31) IBD (UC,CD)* 26/2842 17.7/27.5-13.2/27.6
Ma et al., 2018 32) IBD-UC™* 64/5282 14/20-23/35

Macluso et al., 2018 (33) IBD-UC 31/2702 9/34/26°

Duijvestein et al., 2019 (34 IBD-CD 5/188 16.2/5.2°°

de Craen et al., 1999 (35) DU 79/1350 44.2/36.2°°°

Cremonini et al., 2010 (36) GERD 24/3041 18.9

IBS, irritable bowel syndrome; NUD, non-ulcer dyspepsia; IBD, Infammatory Bowel Disease; UC, Ulcerative colitis; CD, Crohn’s Disease; CAM, Complementary and alternative medicine;
DU, Duodenal Ulcers; GERD, Gastroesophageal reflux disease.

*data for % clinical benefit, not for % remission, with clinical, endoscopic, or histological endpoints, respectively. For % remission the respective values are 9.1, 13.5, and 8.6%.
**CDAI as endpoint, % received remission (CDAI score decrease varied from >50 to >100).

*data for maintenance trials (N = 9) and for induction trials (N = 48); endpoint remission and clinical response rates for maintenance and induction, respectively, are listed.
**data for maintenance trials (N = 40) and for induction trials (N = 67); endpoint remission and clinical response rates for maintenance and for induction, respectively, are listed.
*Quality of life improvement (IBDQ, SF36); data for IBDQ, separated for induction and maintenance in UC and CD, respectively.

#data for maintenance trials (N = 8) and for induction trials (N = 56); endpoint remission and clinical response rates for maintenance and induction, respectively, are listed.

## Response rates for prokinetics vs acid-suppressing treatments are given.

°induction rates for remission, response, and mucosal healing, respectively, are given; for maintenance, the respective data are 14, 23, and 19%.

°°placebo response for endoscopic improvement and remission, respectively.

°°°placebo response data for 4/day versus 2/day regiments are given.

edition—some are not associated with pain but rather with  been studied. Table 2 summarized these data but restricted the
disturbed bowel function (motility) only. However, pain is a  studies to those meta-analyses of trials in painful clinical
prerequisite to receive the diagnosis of IBS, and only data on  conditions. Three not pain-associated diseases (overactive
placebo effects and responses in IBS are in the focus and have  bladder syndrome, OAB; premenstrual syndrome, PMS;

been studied extensively. chronic fatigue syndrome, CFS) are single examples listed
The already mentioned systematic reviews and meta-  for comparison.
analyses (25) listed quite a number of functional syndromes As can be seen, painful non-GI clinical conditions are all

outside the gastrointestinal tract in which the placebo effect has  associated with placebo response rates of 20% and higher, and up
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to 40% as is regularly the case in FGD, especially when visceral
tissue is involved (pouchitis, pancreatitis); effect sizes are
moderate to strong. A similarly strong placebo effect seems to
dominate in pains associated with vascular mechanisms
(migraine). Whether this moderate increase of visceral placebo
analgesia over somatic placebo analgesia is a consequence of the
rather diffuse nature of visceral pain, its specific characteristic as
being deep, dark, and poorly locatable, or specifics of the
“personality” of the patients affected cannot be answered from
such meta-analyses.

C: Is the Placebo Effect in FGD Related to
Effects Seen in Psychiatry?

The area in which placebo effects and their determinants are best
investigated is psychiatry, and it was psychiatry in which
increased placebo response rates in RCT were first noted—in
fact, drug development has occasionally been hindered by too
strong placebo effects rather than by weak drugs (60, 61). It was
psychiatry as well where the first evidence of increasing placebo
effects over time were noted. It is, therefore not surprising that
increased placebo response rates in non-psychiatric, e.g
gastrointestinal conditions were attributed to psychiatric
comorbidity in otherwise somatically affected patients. This is
specifically true for FGD of IBS-type, as the overall placebo
response rate in IBS is 40% (as discussed above), and the overall

response rates in depression trials match these 40% quite
well (62).

A similar systematic review of meta-analyses than the one
introduced above for all medical conditions (25) summarized the
placebo effect in RCT in psychiatric disorders recently (63). Here
it is discussed whether the various predictors of the placebo
response especially in depression trials match findings from
prediction analysis in IBS and FD. These predictors are
classified into three groups: Disease characteristics, patient
characteristics, and study design characteristics. To the best of
our knowledge, only one regression analysis has been performed
with data from the placebo arm of a trial with 599 patients with
constipation-predominant IBS (64) to identify predictors of the
placebo response, as well as predictors of a non-response to
placebo in the same trial,

Disease Characteristics

The overwhelming finding from most such prediction analyses is
that patients with a lower symptom severity at study start will
show stronger placebo effects than patients with more severe
symptoms (25). This may reflect the tendency of drug companies
to recruit a mildly-to-moderately affected patient population for
their studies, but it may as well reflect the fact that patients with
milder symptoms may be more willing to participate in a placebo-
controlled therapy trial. The downside of this tendency is that

TABLE 2 | Placebo response rates in different clinical pain conditions.

Author, Year Ref No Clinical Condition Number of studies/patients Pooled Placebo Response: % or ES or SMD
Diener et al., 1999 (44) migraine 15/1345 25.9 (44/13)*
Macedo et al., 2008 (45) migraine 98/11793 9/18/28/32**
Macedo et al., 2006 (46) migraine 32/1416 21

Ho et al., 2009 47) migraine 8/1322 36.2/38.1-9.5/10.5***
Meissner et al., 2013 (48) migraine 79/2828 22/26/23/38/24
Quessy et al., 2008 (49) NP 35/3265 26.5-15.5%"

Zhang et al., 2008 (50) osteoarthritis 193/16364 ES: 0.51/0.777**
Héauser et al., 2011 (51) fibromyalgia/DNP 72 SDM: 0.42/0.72 (45/62)"
Capurso et al., 2012 (52) pain/pancreatitis 7/202 19.9

Chen et al., 2017 (53) osteoarthritis 124/15633 ES: 0.52
Athayde et al., 2018 (54) pouchitis 12/229 47/24°°°

Huang et al., 2019 (55) osteoarthritis 21 SMD: -0.16-0.34/-0.31°°
Porporatti et al., 2019 (56) T™MD 42/1657 29/19/26°
Freeman et al., 1999 (57) PMS 2/247 33

Cho et al., 2005 (58) CFS 29/985 19.6 (14/16.5/24)**
Lee et al., 2009 (59) OAB 36/5735 PE: —1.15/-1.27/12.4"

NP, Neuropathic pain; DPN, diabetic polyneuropathy; TMD, temporomandibular disorders; PMS, premenstrual syndrome; CFS, chronic fatigue syndrome; OAB, overactive bladder; ES,

effect size; SMD, standardized mean difference.

*overall, headache response and pain-free response are listed.
*responses for 30 min, 1, 2, and >2 h after intake.

***for pain relief and pain free in females/males.

*for oral pharmacologic, CAM, injection therapies, sham acupuncture/surgery and sham CBT/electromagnetic stimulation therapies, respectively.

“*for NP in DPN and post-herpes neuropathy, respectively.

**ES estimate: Clinically, an ES of 0.2 suggests a small effect, 0.5 means a moderate effect, and 0.8 and over indicates a large effect. ES are given for all trials and for three trials comparing

treatment with a no-treatment control, respectively.

#SDM for DNP and fibromyalgia, respectively, are given; percentage relates to the improvement in the active group that can be attributed to placebo.
#Point estimated (PE) from meta-analysis for incontinence episodes, micturition frequency, and voiding volume, respectively, are given (all highly significant).

##*Overall response and response in low, medium, and high expectation groups, respectively.

°response for laser therapy, drugs, and other therapies.

°°SMD for patient-reported outcome (PRO) for pain, muscle strength, and range of motion.

°°°for induction and maintenance trials, respectively.
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RCT may not represent the medical reality in terms of patients
tested, and this may corroborate the representativeness of the
study results. It has been noted that drugs such as serotoninergic
antidepressants are by far less effective in daily routine than had
been reported in RCT (65). However, this may as well be due to
overinterpretation of the RCT data. A lower symptom severity is
often associated with a shorter disease history that was found to
predict higher placebo responses, while previously untreated
patients were sometimes found to generate higher responses but
in other cases, lower responses. Rather than previous treatment
per se, treatment success or failure may determine the response to
subsequent trials. Another of the concerns related to the
representativeness of antidepressant trials is that patients
recruited may have been taken off their regular medicines and
may have experienced symptom worsening before being included
into a RCT, and thereby the gap between drug and placebo arms
may have been artificially widened.

The only meta-analysis that has studied the prediction in IBS
(14) did not find disease severity to affect placebo responses,
mainly because patient definition for recruitment was based on
the IBS diagnostic criteria (Rome) that regularly do not include
assessments of symptom severity, e.g. by the IBS-SSS score (66).
The different Rome criteria used over time did not result in
differences of the placebo effect (14). The re-analysis of the data
from a single IBS-C RCT (64), confirmed that placebo
responders had lower baseline pain severity than non-
responders, and that a pain response as early as week two of
the trial was associated with a higher placebo response with
respect to the primary endpoints, a >30% pain relief and
“adequate pain relief’; the latter response was also associated
with a placebo response for spontaneous bowel movements. A
higher number of baseline spontaneous bowel movements were
associated with lower placebo response.

For functional dyspepsia, two re-analyses of individualized
data from RCT can be used to answer this question: in one (67), a
lower symptom burden at baseline and a symptom increase
during run-in were associated with higher placebo responses,
while in the other (68) this could not be confirmed; instead, an
unstable symptom pattern was predictive of higher placebo
responses as was a higher Body Mass Index (BMI). The BMI
data are probably accidental findings in this specific cohort as
was the smoking status in the other one (67), or it may represent
a more general feature (69) yet to be explored.

Patient Characteristics

At least in some conditions, especially in psychiatric diseases,
younger patient age was usually associated with higher placebo
response rates (25) and has led to speculation about reasons for
this (70) that are not conclusive overall; however, conflicting
evidence exists as well. On the contrary, the widely believed idea
that women may generate higher placebo response rates in RCTs
was not supported by our analysis of clinical trials (25), while
experimental placebo studies tend to confirm sex difference,
albeit in both directions: Men seem more prone to show
placebo responses in expectancy-based designs, while women
responded stronger in learning (conditioning) experiments—the
reasons for this difference are discussed elsewhere (71).

Age and sex were not reported to drive the placebo effect in the
largest meta-analysis (14), while at least one (5) noted younger age
to be associated with higher placebo effects in IBS. Data from FD
studies (67, 68) did not find evidence for the influence of age and
sex. Other patient characteristics, especially personality variables,
are usually not assessed in RCT outside psychiatry because of the
risk of limiting the indication of the drug under investigation.
And pieces of evidence from experimental trials (72) have never
been confirmed in clinical studies.

Study Design Characteristics

Probably the most consistent and surprising finding in psychiatric
and neurological trials is the fact that the so-called “unbalanced
randomization” determines the placebo effect: with a higher chance
to receive active treatment in enrichment trials, trials with more than
one drug arm, different dosages, comparator trials or trials which
attempt to motivate more patients in general, the placebo effect rises
[e.g (44, 73), for a discussion see (63)]. It is of utmost importance to
note that this feature has not been replicated in IBS studies at all (3).
However, in IBS such studies were usually multi-center trials with
large patient populations conducted by the pharmaceutical industry
(see Figure 2), while in psychiatry, many such trials were small scale
with an a priori risk of high placebo effects.

Another feature that has steered the placebo discussion,
especially in depression, is an increase of the placebo effect
over time, noted as early as 2002 (74). This is counter-intuitive
towards the fact that more recent studies tend to be longer, and
that shorter trial duration usually was found to be prone to
higher placebo response rates (63). In depression, this trend was
at least questioned (75-77), and it was not confirmed in IBS trials
either (3) Neither was it found in IBS studies that trials between
the US and Europe differed in the placebo effect (with higher
responses in the US in depression), and with industry-initiated
studies producing higher placebo effect than investigator-
initiated studies, as was the case in some psychiatric trials (63).

One characteristic that was similar between psychiatric trials
and FGD trials is the number of planned study visits during a trial:
the more visits are planned the higher is the placebo response, a
feature that was not only found in IBS (5, 6)—though with
conflicting trends, see (78) —but also in IBD trials (27).

A very specific drug design feature in FGD (IBS), requested
by the European Medical Agency (EMA) and matched by
neither the Federal Drug Administration (FDA) rules in the
US nor the EMA/FDA rules in any other class of diseases, is to
either conduct long-term (e.g. six months) trials or to conduct
a short-term (week) trial and repeat the treatment after re-
randomization for another short-term to verify the drug is still
effective. To the best of our knowledge, only one IBS RTC has
been conducted with the second option (79) and showed the
placebo effect in the second treatment period to be of similar
size than in the first treatment phase. However, most of the
assessment tools for outcome measures used have not been
validated for such test strategy, but this also holds true for
other endpoints, e.g. the “global assessment of improvement”
(GAI) for 6-month trials in IBS.

In summary of this part of the review therefore, none of the
study characteristics (disease, patient, and design) driving the
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placebo response in psychiatry seem to contribute to the
placebo effects seen in FGD, and except for the number of
study visits and the effects of symptom severity at baseline,
seem to be of relevance in IBS. Hence, the prediction capability
of placebo meta-analyses remains to be rather poor in FGD
in gastroenterology.

D: What Are the Consequences of These
Findings for Future Drug Trials in FGD?

A number of immediate conclusions can be drawn from the
above discussed data:

» For one, the placebo effect in RCT in FGD, especially in IBS,
may be slightly higher than in other functional and organic
diseases, but with around 40% it is not extraordinarily high
as long as the sample size is sufficiently high (say: more than
100 patients per study arm). Studies with lower sample sizes
should be avoided.

* Patient reported outcomes usually produce higher placebo
response rates than biomarker readouts as is evident e.g. from
differences between symptomatic readouts and endoscopic/
histological endpoints. It would therefore be advisable to add
one or more biomarkers to IBS studies, currently relying on
symptom reports in diaries mainly.

* Because time trend observed in psychiatric and neurological
disorders (increased placebo response rates in more recent
RCT) has not been confirmed in FGD, this underlines
the importance to maintain current patient definition
and endpoint selection in IBS trials as manifested in the
Rome criteria.

* Since unbalanced randomization appears not to be a factor
influencing the size of the placebo response, such strategies,
e.g. adding comparator drugs to a trial, should be encouraged
in gastroenterology, especially in FGD where they are
literarily non-existing. On the other hand, enrichment trials
to enhance the drug effects and to limit placebo effects, as they
become popular in psychiatry, seem not to be needed in FGD
in gastroenterology.

e A trial length of 12 weeks seems to be reasonable, as longer
trials do not eliminate the placebo effect, as was previously
hoped, but shorter trials definitively carry the risk to increase
placebo response rates.

* Unbalancing the sex ratio in RCT with IBS and FD patient
may be a risk factor for sex-related drug effects, but is
obviously not affecting the placebo effects. There is,
however, evidence for different placebo responses in
relation to age that should be kept in mind when planning
a RCT.

Eliminating placebo-controlled studies and replacing them
with comparator trials (also called head-to-head trials) do not
eliminate the placebo effect but make it more difficult to
identify and quantify it—placebo effects are immanent to all
medical and psychological therapeutic interventions and may
also affect diagnostic procedures (43, 80, 81). It has been
shown (e.g. in psychiatry) that in fact the 100% chance to

receive active treatment may drive the placebo effect to
another height (62). On the other hand, as has been argued
above, a substantial fraction of what appears to be the placebo
effect in RCT is in fact a contribution of spontaneous
symptom variation and—in chronic recurrent diseases—
remission and relapse. To control both, the placebo effect
without placebo provision and the contribution of the
spontaneous course of the disease, in “real world studies”
(studies under realistic conditions in daily medical routine),
other measures may be needed that are discussed in more
detail elsewhere (12, 19):

* From a methodological standpoint, even comparator trials
comparing two or more drugs, the novel one and the one
already on the market, should always include a placebo arm as
well, to allow testing the non-inferiority of the novel
compound against the established one as well as its
superiority against placebo.

e To include a “no treatment” control arm into conventional
placebo-controlled trials, studies should make use of the
“cohort multiple randomized controlled trial” (CMRCT) (82),
also called “Zelen design” (83): The “monitoring only” study is
separated from the interventional study recruitment, e.g. by
using large cohorts in disease registries. Patients recruited to
participate in disease monitoring are subsequently asked to
volunteer for the interventional part, and those not agreeing
remain in the monitoring arm for control purposes.

e With open-label observational studies and no apparent
randomization, monitoring spontaneous symptom variation
can also be achieved by utilizing the same strategy, called
“controlled open-label trial” (COLT) discussed in a recent
paper (12).

* Finally, open label placebo treatment (84) can be added to a
conventional placebo-controlled trial, either with full double-
blinded randomization (85) or allowing patient preferences
for either arm, what has been called preference design (19).

SUMMARY AND CONCLUSION

Contrary to common belief and discussion, the placebo effect
seen in RCT in FGD is not specifically high and extraordinary as
compared to other comparable (i.e. functional) disorders. It
shares less than expected commonalities with the placebo effect
in psychiatry, and very few predictors have yet been identified
that determine its effect size, especially very few that are driven
by design features of the studies. Current practice of RCT in IBS
seems to limit and control the placebo effect quite well, and
future trial practice, e.g. head-to-head trial still offers options to
maintain this control even in the absence of placebos used.
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Irritable bowel syndrome (IBS) is the most prevalent functional gastrointestinal disorder
with a worldwide prevalence of 11%. It is characterized by abdominal pain and altered
bowel habits in the absence of underlying unique pathology. The condition is associated
with poor quality of life and high use of healthcare resources required for management.
The low FODMAP diet (LFD) is a recognized treatment for symptom management of IBS;
however, approximately 30% of patients do not respond. The aim of this review was to
understand the effectiveness and application of the LFD compared with other dietary and
non-dietary interventions. Ten studies were included, eight of which assessed the LFD
against other dietary interventions including traditional dietary advice, modified National
Institute for Health and Care Excellence guidelines, a high FODMAP diet, gluten-free diet
and Mediterranean diet, generalized dietary advice, probiotics, and a sham diet. Two
studies compared a LFD to non-diet interventions of gut directed hypnotherapy or yoga.
The findings clearly support the LFD as an effective treatment in IBS, and although it
highlights the role for microbiota and current psychosocial state, it remains challenging to
identify what combination of treatments may be best to ensure a personalized approach
and overall higher response rates to IBS therapy.

Keywords: FODMAP, dietary therapy, symptom management, IBS (irritable bowel syndrome), gut-brain axis

INTRODUCTION

Irritable bowel syndrome (IBS) is a chronic functional gastrointestinal disorder with an estimated
worldwide prevalence of 11.2% (1). The condition is characterised by recurrent abdominal pain and
altered bowel habits as per the diagnostic Rome IV criteria (1). IBS is associated with decreased
quality of life, social productivity, and work performance. Furthermore, IBS not only poses a
financial burden to the individual through the cost of seeking medical advice but also impacts the
healthcare system by time and resources acquired by patients (2). Nearly 40% of primary care and
gastroenterologist visits can be attributed to IBS (3).

Diet, specifically the widely recognized low fermentable, oligosaccharide-, disaccharide-,
monosaccharide-, and polyol (FODMAP) diet (LFD), has been a cornerstone therapy for IBS.
The LFD involves three phases; a FODMAP restriction phase’ lasting 4-8 weeks, a ‘re-introduction
and challenge phase’ lasting 6-10 weeks, and a ‘personalization phase’ where tolerated FODMAPs
are returned to the diet (4). Several studies have shown the diet to be efficacious in the management
of IBS symptoms (5, 6). However, data still suggest that approximately 30% of individuals do not
respond to this management option (7). Furthermore, the safety of the LFD has been questioned in
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regard to its nutritional adequacy, decreased fiber intake, and
potential negative impact on the gut microbiome (8).

The major mechanistic pathways via which FODMAPs
induce symptoms in IBS are via osmotic load and colonic gas
production in the setting of visceral hypersensitivity and have
been reviewed in depth elsewhere (9). In addition, the gut-brain
axis has emerged as an important mechanistic pathway directly
modulable through various therapies. This axis is a bidirectional
interconnection of the vagal and sacral parasympathetic and
sympathetic efferent nerves interacting with the enteric nervous
system. The higher brain center can receive signals from the enteric
intrinsic, external vagal, and spinal afferents. Dysregulation of this
pathway can be attributed to depression, anxiety, and psychological
stress (10). Signals relayed between the gut and the brain suggest
that IBS is responsive to cognitive and emotive triggers such as
stress, anxiety, and depression. Given that psychosocial factors are
seen in a high proportion of individuals with IBS, it could explain
the refractory response to dietary management of IBS in some
patients. Abnormalities in the central sensory processing in IBS
patients has become the target for non-dietary related therapies.
Psychological therapies (including cognitive therapy and gut-
directed hypnotherapy) have shown promise in significantly
improving IBS symptoms in adults suffering IBS (11).

Despite several treatment options showing good efficacy for
IBS management, particularly in the case of the LFD, there is still
much to understand about tailoring the right treatment (whether
psychotherapy or diet should be employed as a first line therapy,
or a combination of both) to the individual patient. Therefore,
the aim of this review was to assess the effectiveness of the LFD
compared with non-dietary treatments, in reducing symptoms
and improving bowel function, as well as safety considerations
such as nutritional adequacy and effects on the colonic
microbiota. The findings will provide insight into strengths,
limitations, and application of the LFD compared with other
dietary and non-dietary interventions, thereby addressing gaps
in the literature and future directions for the management of IBS.

METHODS

A literature search was conducted using the Medline, Scopus, Cinahl
and Embase databases. Search terms included “irritable bowel
syndrome,” “IBS,” “fodmap,” “diet,” “cognitive behavioral therapy,”
“complementary and alternative medicine,” “hypnotherapy,” and
“herbal medicine.” Intervention studies were included, being either
randomized or non-randomized comparative trials that assessed the
LFD against another intervention (dietary or otherwise). This
inclusion criteria were set so that the LFD could have a clear
comparison against another treatment modality. Studies were
included if they assessed an adult population, and there was no
limitation on year or the therapy the LFD was being compared to.
No limitations were placed on IBS subtype. Data reviewed within
these studies included diagnostic criteria (Rome III or Rome 1V),
intervention duration, assessment of symptom measures, changes to
gut microbiome, type and overall effectiveness of the intervention
implemented (education and resources), gaps in the literature, and
future research directions within an IBS population.

RESULTS

Ten studies were included in this review, which assessed the LFD
against other treatments (Table 1). Six of these studies compared the
LFD against other dietary interventions including traditional dietary
advice (12), modified National Institute for Health and Care
Excellence (NICE) guidelines (13), high FODMAP diet (14),
gluten-free diet and Mediterranean diet (15), generalized dietary
advice and (8, 16). Two studies compared the LFD to probiotics (17,
18) and two studies compared a LFD to non-diet interventions—gut
directed hypnotherapy (19) or yoga (20). One study (17) used a
factorial design with participants allocated to either the shame diet/
probiotic, sham diet/placebo, the LFD/probiotics, or the LFD/
placebo; however, no interaction effect for symptoms or microbiota
changes were noted, so data for the LFD compared to probiotics was
not reported. Therefore, only results for the LFD compared to the
sham diet have been included in the current analysis.

This review included studies with a range of comparative
study methodologies. All except two studies were randomized
controlled trials (RCTs) (8, 15). Of these studies, four were
single-blind RCTs (12, 14, 16, 20), one was double-blind (17),
with the remainder being open-label (13, 18, 19). Four studies (8,
13, 18, 19) were adequately powered (12, 14-18, 20). Data for IBS
subtypes were not available for all studies, but where available (8,
12, 14, 17-19), the evidence has been discussed in relation to its
applicability to the specific subtype.

LFD vs. Other Dietary Treatments

Symptom Severity

Five studies (12, 14-17) used the IBS-SSS to compare symptom
severity in a LFD compared to other dietary treatment. The IBS-
SSS is a five-item questionnaire scored using a VAS. One study
(12) found IBS-SSS improved symptoms in each group with no
significant difference between groups (p = 0.20). In the
remaining studies, the LFD demonstrated superior efficacy in
reducing IBS-SSS scores in comparison to traditional dietary
advice, a high FODMAP diet (HFD), a gluten-free diet,
generalized healthy eating, and a sham diet.

Two studies (8, 13) used scoring systems other than the IBS-
SSS to assess changes in symptoms. For both studies, the LFD had
a greater reduction in symptoms overall at the end of intervention
compared to baseline after a minimum of 4 weeks. One study (8)
showed a greater reduction for each individual question and
globally with a composite score of the questions on the LFD.

Bristol Stool Form Scale
Five studies assessed bowel habits using the Bristol stool form
scale as a measure of stool consistency and frequency (12, 13, 15-
17). Overall, there was a trend toward the LFD improving stool
consistency (13, 17) and frequency (16). One study reported the
LFD having the greatest improvement in IBS-D subtype (15).
None of the remaining interventions produced an effect on
stool form or number of bowel motions (12, 15).

IBS Subtype Response to Treatment
The IBS-D subtype showed a positive response to the LFD at 1
week (13) and 6 weeks (16). One study (14) showed that at 4
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TABLE 1 | Summary of trials reporting on the assessment of the low FODMAP diet compared with other interventions in the management of IBS.

Author, Study Population, Intervention  Gastrointestinal Effect on symptoms Practice implications
year, design diagnostic and duration  symptom and
country criteria, and microbial
source of measures
recruitment
LFD vs. other dietary interventions
Bohn etal. Randomized, n =67 4-week LFD or IBS-SSS Symptoms reduced within both groups (p = Overlap between two diet
(12) multi-center,  Adults aged 18-  NICE Bristol stool form  <0.00001) but no difference between groups interventions on reduction in
2015 single blind 70 years guidelines scale (0 =0.2) ‘gas-forming foods’ and other
Sweden Rome Ill (regular meals, Mean stool frequency improved significantly within -~ components of FODMAPs
IBS outpatient reduced fat, the LFD from baseline to 4 weeks (1.9 + 0.8) to suggest efficacy favoring LFD"
clinics fiber, caffeine, (1.6 £ 0.7), p = <0.001) as per the Bristol stool Potential for ‘sensible’ eating
and gas form scale. Stool frequency had a non-significant guidelines to have additive
reducing change in the NICE group at baseline) (1.6 + 0.7) effects to LFD
foods) compared to 4 weeks (1.5 + 0.6), p =0.15). There
was a non-significant difference between the
groups at 4 weeks (p =0.64)
Eswaran Randomized, n =92 4-week LFD or 11-point likert 52% LFD vs. 41% mNICE reported adequate LFD" produced a greater
etal (13) single center  Adults aged 18 modified NICE  scale relief (p = 0.031) improvement in abdominal
2016 open label years and over (mNICE) Weekly global LFD had higher proportion of abdominal pain pain, bloating, stool
United trial Rome Ill (IBS-D guidelines symptom responders compared with mNICE (51% vs. consistency, stool frequency
States of subtype) assessment 23%, p = 0.008) and urgency at 1-week
America Gastroenterology Bristol stool form At 4 weeks, stool consistency improved mNICE guidelines showed no
and primary care scale significantly on the LFD compared to the mNICE  significant improvement in
clinics guidelines (p<0.0001) as per the Bristol stool abdominal pain, bloating or
form scale stool frequency in any wk
Compared to baseline, both
diets showed improvement for
abdominal pain, bloating, stool
consistency, stool frequency
and urgency at 4-week
Meclntosh Prospective, n =37 3-week LFD or IBS-SSS IBS-SSS reduced in LFD but not in HFD LFD' showed greater
etal (14) randomized,  Adults aged 18 HFD 16s RNA profiing  (p = <0.001) reduction in abdominal
2017 single blind years and over No differences in o or B diversity between symptoms at 3-week
Canada parallel study  Rome IIl samples from before or after HFD or LFD across  HFD led to increased pain at
Outpatient clinics IBS subgroups 3 weeks
Subgroup analysis showed
IBS-M and IBS-D patrticipants
had higher bacterial richness
after the LFD at 3 weeks
Paduano Non- n=92 4-week LFD or IBS-SSS All 3 diets reduced symptom severity (<0.01), Adequate FODMAP
etal (15) randomized ~ Adults aged 18-  gluten-free or ~ VAS for bloating ~ bloating (p<0.01) and abdominal pain (p<0.01) distribution over the day was
2019 Cross over 45 years Mediterranean  and abdominal The LFD improved stool solidarity from a type 6  key to preventing overload of
Italy clinical trial Rome IV diet pain to a type 4 (p = 0.03) which was further FODMAPs in a single meal and
Gl outpatient Bristol stool form  supported by 79% of LFD participants showing a inducing symptoms
clinics scale trend to reach type 4 after 4 weeks on the LFD.  LFD' showed superiority for
No statistically significant differences were improving overall & individual
observed in stool solidarity for the gluten-free Gl symptoms, including stool
and Mediterranean diets at 4 weeks (data not consistency
shown)
Staudacher  Non- n=282 36-week LFD  16-point VAS LFD reported greater satisfaction in symptom
etal. (8) randomized ~ Adults aged 18 or standard scale that included response (p = 0.38)
2011 clinical years and over dietary advice  symptoms LFD showed better overall symptom response
United control trial NICE criteria based on NICE  7-point Likert (p = 0.001), improvement in bloating (p = 0.002),
Kingdom Dietetic guidelines (if a  scale for abdominal pain (p = 0.023) and flatulence (p =
outpatient clinic dietitian had symptoms based  0.001)
follow-ups already been on IBS global
seen) improvement scale
Zahedi Randomized, n =110 6-week LFD or IBS-SSS LFD decreased IBS-SSS for abdominal pain intensity  Both diiets reduced symptom
etal. (16) controlled Adults aged 20—  British Dietetic  Bristol stool form  (p = 0.001) and frequency (0.017), abdominal severity
60 years scale distention (p = <0.001), dissatisfaction with intestinal  LFD compared to generalized

(Continued)
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TABLE 1 | Continued

Author, Study Population, Intervention  Gastrointestinal Effect on symptoms Practice implications
year, design diagnostic and duration symptom and
country criteria, and microbial
source of measures
recruitment
2018 single blind Rome IIl (IBS-D)  Association transit (o = 0.001) and interference with daily life dietary advice decreased
Iran trial Hospital Gl clinic  guidelines (p = 0.005) symptoms for each subset of
Mean stool consistency significantly improved in the  IBS-SSS and produced relief
LFD from baseline to week 6 (6.92 + 0.45 t0 4.3 + of symptoms at each
0.5, p = <0.001) and for the generalized dietary timepoint (baseline, 3 weeks,
advice group from baseline (5.67 + 0.61) to week 6 and 6 weeks)
4.61 £ 0.69, p = <0.001) Both diets improved stool
Mean stool frequency significantly improved in the frequency and consistency at
LFD from baseline to week 6 (329 + 0.87t0 1.91 + 6 weeks
0.56, p = <0.001) and for the generalized dietary
advice group from baseline (3.3 + 0.77) to week 6
(2.6 £ 0.96, p = <0.001)
Staudacher Randomized, n =104 4-week LFD or Gastrointestinal A higher proportion of patients on LFD had LFD' showed greater efficacy
etal (17) Double-blind  Adults aged 18-  sham diet and  symptom rating adequate symptom relief than sham diet (p = 0.042) in improving Gl specific and
2017 2x2 factorial 65 years placebo or system (GSRS) LFD showed lower IBS-SSS score than sham diet  overall symptoms compared
United design Rome Ill multi-strain IBS-SSS (p = 0.01 but not different between probiotic and to sham dietary advice at 4
Kingdom Tertiary hospitals  probiotic Bristol stool form  placebo (p = 0.721) week
formulation scale LFD showed a higher proportion of participants LFD-induced effects on
gPCR and achieved clinically meaningful reduction of >50-point  microbiota can be modified
16sRNA reduction in total IBS-SSS compared to sham diet ~ with adjunct probiotic therapy
sequencing (73% vs. 42%)
There was a significant difference in mean stool
consistency at 4 weeks between the sham diet
(4.3 + 1.1) compared to the LFD (3.9 + 1.0), p =
0.008 as per the Bristol stool form scale. The was
no significant difference for the placebo and
probiotic group for stool consistency (4.2 + 1.0 vs.
4.0 +1.1), p = 0.544, respectively
At 4 weeks here was lower absolute
Bifidobacterium species abundance in LFD
compared to sham diet (8.8 16s rRNA genes/g (SD
0.6) vs. 9.2rRNA genes/g (SD 1.0) mean difference
-0.39 rRNA genes/g (95% Cl, -0.64 to -0.13, p =
0.008) and greater abundance of Bifidobacterium
species for probiotic compared to placebo [9.1
rRNA genes/g (SD 0/6) vs. 8.8 rRNA genes/g (SD
1.0) mean difference +0.34 rRNA genes/g (95% Cl,
0.05t0 0.61, p=0.019]
LFD vs. probiotics
Pederson Randomized, n =123 6-week LFD or  IBS-SSS LFD reduced IBS-SSS from baseline to 6 weeks  LFD superior over probiotic
etal (18) open label Adults aged 18— normal diet compared to LGG vs. ND (p = <0.01) alone across all IBS subtypes
2014 control trial 74 years (ND) or IBS-SSS scores reduced in LFD and LGG group  except IBS-C
Denmark Rome Il lactobacillus compared to the normal diet (133 + 122 vs. 68 +
Tertiary hospital rhamnoses GG 107,133 £ 122 vs. 34 + 95, p = <0.01) at 6
probiotic (LGG) weeks
LFD vs. non-dietary interventions
Peters et al. Randomized n=74 6-week LFD or 100 mm VAS for  Improvements in all symptoms were observed While both gut-directed
(19 open-label, Adult aged 18 gut-directed symptoms from baseline to 6 weeks for hypnotherapy, LFD  hypnotherapy and LFD were
2016 parallel study years and over hypnotherapy  (abdominal and combination treatment with no difference equally efficacious in the short (6
Australia Rome Il ora bloating, wind, across groups (p = 0.67) weeks) and longer term (6

General IBS
population

combination of
both

abdominal pain,
nausea, and
satisfaction with
stools)

months), gut-directed
hypnotherapy showed a greater
benefit on psychological indices
compared to LFD

Combining two equally
efficacious therapies did not
necessarily confer added
benefits for IBS patients

(Continued)
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TABLE 1 | Continued

Author, Study Population, Intervention  Gastrointestinal
year, design diagnostic and duration symptom and
country criteria, and microbial
source of measures
recruitment
Schumann  Randomized, n =59 12-week LFD  IBS-SSS
et al. (20) single blind Adults aged 18-  or yoga
2018 study 75 years
Germany Rome Il
Online and local
press,
department of
internal and
integrative
medicine

Effect on symptoms Practice implications

LFD' showed higher
proportion of participants
who achieved clinically
meaningful reduction in IBS-
SSS at 12 weeks

Clinical remission was
sustained in equal number of
patients between both
groups at 6-month follow-up

No significant differences between groups
regarding IBS-SSS, except for abdominal
distention subscale at 12 weeks (p = 0.040) in
favor of LFD

IBS subtype analysis showed no significant
differences between interventions for
effectiveness (data not shown)

Gl, gastrointestinal; GSRS, gastrointestinal symptom rating scale; HFD, high FODMARP diet; IBS-C, irritable bowel syndrome-constipation, IBS-D, irritable bowel syndrome-diarrhea; IBS-
M, irritable bowel syndrome-mixed; IBS-SSS, irritable bowel syndrome symptom severity score; NICE, National Institute for Health and Care Excellence; VAS, visual analogue scale;

Tindicates the LFD was superior for treatment response.

weeks, the LFD had the following changes; 14 of 16 IBS-D
showed an improvement in bowels, 7 of 10 with IBS-C showed
bowel improvement, and of eight with IBS-M, two participants
showed improvement, one worsened, and two had no changes.
The remaining participants were all IBS-U, undefined at baseline
(15). These findings suggest that the LFD benefits each IBS
subtype, most consistently for IBS-D.

Delivery of Dietary Intervention
Given the LFD approach is comprehensive due to the
elimination, reintroduction, and personalization of the diet,
there are potential risks if the diet is not implemented safely.
Alterations to gastrointestinal microbiota and nutritional
adequacy have been noted after just 4 weeks of a LFD, which
is concerning given that the initial restriction phase is usually 6
weeks (4). Personalized dietary advice from a dietitian has been
positively associated with compliance and success (21). In all
studies evaluating the LFD compared to other dietary
intervention, it was promising to see all involved the expertise
of a dietitian in delivering the LFD diet (8, 12-16). Additionally,
a major factor in determining the success of the LFD was the
provision of written resources to facilitate implementing the diet
(22). There were varying degrees of contact with the dietitian
where some participants received 45 to 90 min on a single
occasion or up to four sessions in either an individual or group
setting. In some studies, there was limited contact with the
dietitian to replicate clinical practice. Commonly noted feedback
to study personnel were that participants found the diet relatively
easy to follow, but the translation of low FODMAP foods into
recipes was difficult. One study, which had the low FODMAP
food resource prepared in accordance with Iranian culture, found
that adherence was considered difficult; however, it was not
reported as a problem in the trial (16). Adherence with the LFD
was associated with achieving a clinically important value of a
reduction in IBS-SSS >50 (12).

For the other dietary interventions, there was insufficient
detail provided to ascertain whether participants received the
same level of care as those receiving a LED. Therefore, the quality

of dietetic care is less comparable to those who received LFD
intervention, and there is insufficient insight what participants
were specially instructed to do to elicit symptomatic relief.

Effects on Microbiome

Overall Analysis

Changes in the dietary content of fermentable carbohydrates
have previously been shown to have a major influence on the gut
microbiota composition. Alpha and beta diversity were not
different after the implementation of a HFD or LFD from
baseline to end of intervention and the result was consistent
across IBS subtypes (14). There were no significant differences in
the alpha diversity for the LFD compared to the sham diet (p =
0.401). The LFD compared to the sham diet did not produce a
difference in beta diversity either (p = 0.575) (17). At a
taxonomic level, the genus Aldercreutzia, Dorea, and the family
Actinomycetaceae were lower after following a HFD (p = 0.02,
p =0.05, and p = 0.04, respectively). However, after just 3 weeks,
the LFD produced fecal samples with higher Actinobacteria
richness and diversity compared with the HFD group (p =
0.046 and p = 0.02, respectively) (14). Several bacterial groups
decreased after following the HFD, with the exception of the
Bifidobacteriaceae family and unclassed family within the
Lachnospiraceae family, which increased (14). On a species
level, the LFD compared with the sham diet produced lower
absolute abundance of Bifidobacterium (p = 0.08). The LFD did
not produce a difference in relative abundance of the Streptococcus
species or the Lactobacillus species compared to the sham diet
between baseline and follow-up (17). These findings suggest that
the alpha and beta diversity may not be impacted by the
implementation of a LFD; however, at a species level, the results
are inconsistent.

Subgroup Analysis

When the IBS subtypes IBS-M and IBD-D (both groups having
some diarrhoea) were analyzed, there was a greater bacterial
richness in those following the LFD compared to the HFD (p =
0.047). Actinobacteria diversity was increased (p = .013), and
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Firmicutes, Clostridiales, and Actinobacteria richness was
greater (p = 0.029, p = 0.023, and p = 0.029, respectively) (14).

LFD vs. Probiotics

Symptom Severity

Symptom severity was measured using the GSRS (17). The LFD
produced a 117-point decrease on the IBS-SSS compared to the
probiotic with an 82-point decrease. Probiotics did not produce a
statistically significant overall symptom improvement using the
GSRS (p = 0.66), but the LED was significant (p = 0.020) (17).

Bristol Stool Form Scale
Pedersen et al. did not use the Bristol stool form scale.

Delivery of Dietary Intervention

One study compared a LFD to probiotic use whereby participants
were seen by either a dietitian or nutritionist (18). Dietary
counselling was provided for up to one hour (18) with a complex
list of appropriate foods provided by a dietitian (18). Dietary
compliance was regularly checked and contact with the dietitian
was encouraged (18). Probiotics were administered in capsules (18)
whereby participants consumed two capsules each day.

Effects on Microbiome
Data on the LFD and probiotic on microbiome was not
reported (18).

IBS Subtype Response to Treatment

The IBS-D subtype showed a positive response to the LFD at 6
weeks (18). In addition, IBS-M subtype showed a positive
response to the LFD and LGG probiotic at 6 weeks. The IBS-C
subtype did not have a positive response to the LFD, probiotic
intervention, or a normal diet (18).

LFD vs. Non-Dietary Treatments

Symptom Severity

For two studies comparing a LFD to non-dietary treatments,
there was a significant decrease in symptoms for the LFD from
baseline to end of intervention (p < 0.001) (19) and (p < 0.001
and p < 0.001 for yoga and a LFD, respectively) for IBS-SSS
scoring (20). For both studies, there were no significant
differences between the groups at baseline compared to end
of intervention.

Bristol Stool Form Scale
Neither of the studies that assessed non-dietary interventions
used the Bristol stool form scale as an outcome.

Delivery of Intervention

The participants receiving gut-directed hypnotherapy were
allocated 1 h weekly sessions throughout the 6-week study
duration. Each participant received the same script that was
also recorded and given to the participants to listen to daily for
the duration of the study. The intervention was provided by an
experienced clinical hypnotherapist (19).

Participants who received the yoga intervention had twice
weekly group sessions, which were 75 min in duration for a 12-
week period. The classes were guided by the same certified hatha
yoga instructor. Specifically, participants were instructed on
customised postures and breathing techniques to improve
symptom control (20).

IBS Subtype Response to Treatment
There were no differences in treatment effectiveness between IBS
subtypes (19, 20).

DISCUSSION

This review highlights that the LFD is efficacious in the
management of IBS. Despite its success, several considerations
need to be addressed regarding its use. While there has been
greater understanding of the LFD and its mechanism in practice
with recent research, there is still a consensus that further
understanding of the diet’s implications are needed.

Gaps of interest include a deeper understanding on the long-
term effects of the LFD on gut microbiota diversity. It should be
established whether a change in the microbiota profile can be
attributed to a mediated symptom response (8, 14). Although
recent reviews indicate that baseline microbiota may not be an
accurate predictor of symptom improvement in IBS (23), the
volatile organic compound profile may very accurately select
responders, suggesting that understanding metabolic function of
bacteria is more important for determining response to dietary
interventions (24). Modulation of gut microbiota with the use of
pre- and probiotics while implementing the LFD should be
considered. While prebiotics can infer a symptomatic response
in some individuals, it should be ascertained whether a less
restrictive LFD mitigates the negative impact on the microbiota.

From a safety perspective, calorie and nutrient inadequacies
have been acknowledged when following the LFD. Therefore,
excessive restrictions such as the avoidance of complete food
groups should be averted (25). The implementation of the LFD is
extensive and requires education from a qualified nutrition
professional (4). Where the LFD may not be appropriate or
possible, other dietary strategies can be considered. Evidence
suggests that simple strategies such as a reduction in gut
stimulants (caffeine, alcohol, and spicy food) and modulation
of meal size and frequency may also be effective. However, it
should be noted that the NICE guidelines include recommendations
such as reducing polyols, onions, cabbage, and beans and limiting
fruit to three portions per day. Despite being considered as
generalized dietary advice, these foods contain FODMAPs, which
is why a reduction in symptoms may be concurrent if following this
advice. Furthermore, dietitians instructed participants in one study
who were not randomized to the LED to limit consumption of foods
that contribute to perceived detrimental symptoms (16). While the
dietitians did not advise these participants to restrict FODMAPs
specifically, it is unknown if any foods restricted did contain
FODMAPs, which could have contributed to symptom
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improvement. From a practical perspective, it appears there is still a
need for data on the LFD when followed for a long duration.

Cognitive considerations in IBS also warrant further investigation.
The mechanisms in which gut directed hypnotherapy exert an effect
on the gut are not fully understood but suggest the control and
normalisation of gastrointestinal function can be made to the
subconscious mind. Peters et al. found that improved psychological
indices were not correlated with symptomatic benefit, although the
study was not designed to evaluate mechanisms for efficacy; therefore,
further understanding the mechanisms of gut hypnotherapy on
symptom improvement is needed (19).

Despite results from Peters et al. that a combination of dietary
and psychological interventions showed no additive benefits, areas
for further research would be further exploring combining dietary
and other non-dietary interventions. Tailored advice based on an
individual’s current dietary intake and other psychosocial factors
should help to inform a management plan. Given that the gut
microbiota have an established role in IBS and the gut-brain axis
(26), combined dietary and cognitive treatments should be
examined to determine the relationship between concurrent
changes to the gut microbiota and symptom resolution.

This review highlighted a heterogeneity in LFD study designs
and in IBS patient selection, including a lack of inclusion or
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Functional gastrointestinal disorders (FGID), such as functional dyspepsia (FD) and
irritable bowel syndrome (IBS) are characterized by chronic abdominal symptoms in
the absence of an organic, metabolic or systemic cause that readily explains these
complaints. Their pathophysiology is still not fully elucidated and animal models have
been of great value to improve the understanding of the complex biological mechanisms.
Over the last decades, many animal models have been developed to further unravel
FGID pathophysiology and test drug efficacy. In the first part of this review, we focus on
stress-related models, starting with the different perinatal stress models, including the
stress of the dam, followed by a discussion on neonatal stress such as the maternal
separation model. We also describe the most commonly used stress models in adult
animals which brought valuable insights on the brain-gut axis in stress-related disorders.
In the second part, we focus more on models studying peripheral, i.e., gastrointestinal,
mechanisms, either induced by an infection or another inflammatory trigger. In this
section, we also introduce more recent models developed around food-related metabolic
disorders or food hypersensitivity and allergy. Finally, we introduce models mimicking
FGID as a secondary effect of medical interventions and spontaneous models sharing
characteristics of Gl and anxiety-related disorders. The latter are powerful models for
brain-gut axis dysfunction and bring new insights about FGID and their comorbidities
such as anxiety and depression.

Keywords: functional gastrointestinal disorders, animal models, stress, irritable bowel syndrome, functional
dyspepsia, intestinal permeability, visceral pain, mast cells

INTRODUCTION

Functional gastrointestinal disorders (FGID), such as functional dyspepsia (FD) and irritable bowel
syndrome (IBS) are highly prevalent, occurring in 10-30% of the general population depending on
the criteria used, and represent an important part of the workload of gastroenterology and primary
care clinical practice. Those syndromes are characterized by chronic abdominal symptoms in the
absence of an organic, metabolic or systemic cause that readily explains these complaints. Based on
the Rome IV criteria, FD is defined as bothersome postprandial fullness, early satiation, epigastric
pain and/or epigastric burning (1) while IBS is characterized by recurrent abdominal pain or
discomfort in association with altered defecation patterns (2, 3). The etiology and pathophysiology
remain incompletely understood, which is reflected in the paucity and limited effectiveness of
the available treatment options. Moreover, in the last years, FGIDs have been conceptualized as
disorders of brain-gut interaction, highlighting the bidirectional interplay between central and
peripheral mechanisms and opening new possibilities for anxiety and depression animal models
to study FGID.

Frontiers in Psychiatry | www.frontiersin.org

187 November 2020 | Volume 11 | Article 509681


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://doi.org/10.3389/fpsyt.2020.509681
http://crossmark.crossref.org/dialog/?doi=10.3389/fpsyt.2020.509681&domain=pdf&date_stamp=2020-11-11
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles
https://creativecommons.org/licenses/by/4.0/
mailto:tim.vanuytsel@uzleuven.be
https://doi.org/10.3389/fpsyt.2020.509681
https://www.frontiersin.org/articles/10.3389/fpsyt.2020.509681/full

Accarie and Vanuytsel

Animal Models Functional Gastrointestinal Disorders

Over the last 20 years, many animal models, which originally
focused on one particular pathophysiological factor, have been
developed for FGID. These models have contributed a lot to the
understanding of the pathophysiological mechanisms behind the
symptoms and were also used to test and validate therapeutic
targets and potential therapies (4). However, many aspects of
functional disorders remain poorly understood and unsolved in
these unidimensional models. An animal model is considered
suitable for a disorder, when the etiology of the disease is as
close as possible to what is known in humans. Several conditions
must be fulfilled, among them (1) the construct validity, i.e.,
the experimental conditions used to produce the animal model
should replicate the cause of the disease in human, (2) the
face validity, i.e., the symptoms observed in the animal should
replicate the clinical features observed in the patients and (3)
the predictive validity where the response to drugs in the animal
models can predict reliably the potential response in the human
counterpart. It is clear that unidimensional models for FGID do
not fulfill these criteria. To overcome the weaknesses of the classic
models, more recently, several new models have been introduced,
either combining several of the putative factors involved in
FGID pathophysiology or using new insights such as the impact
of nutrition to try and represent the large panel of symptoms
and complex interactions between the pathophysiological factors
found in FGID (4).

In this review, we will summarize the state of the art
concerning the most relevant and most commonly used pre-
clinical models that have been developed for FGID and
highlight their contribution to the understanding of FGID
pathophysiology. Most of the published studies use rodent
models, due to the possibility of genetic manipulations and the
quick turnover of the models through fast reproduction and a
large number of pups in one litter, in comparison to larger animal
models such as pig models. Therefore, this review will largely
focus on rodent models.

Abbreviations: 5HT, serotonin; 5SHT1A/1B/2A/2B, serotonin receptor type 1A,
1B, 2A, 2B; ACTH, adreno cortico trophic hormone; AMPA, a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid; BB-DP, biobreeding diabetes prone; BDNF,
brain-derived neurotrophic factor; CCL2, chemokine ligand 2; CEACAMS6, CEA
cell adhesion molecule 6; CNS, central nervous system; COX-2, cyclo-oxygenase 2;
CGRP, calcitonin gene-related peptide; CRE, corticotropin-releasing factor; CRFR,
corticotropin-releasing factor receptor; DSS, dextran sodium sulfate; ELS, early
life stress; FD, functional dyspepsia; FGID, functional gastrointestinal disorders;
FODMAP, Fermentable Oligo-, Di-, Mono-saccharides And Polyols; FSL, Findler
sensitive line; GC-C/cGMP, guanylate cyclase C/cyclic guanylin monophosphate;
GI, gastro intestinal; GR, Glucocorticoid receptor; HPA, hypothalamus-pituitary-
adrenal; HSHE high fat high sugar; IFN, interferon; IgE, immune globulin
E; IL, interleukin; IBS, irritable bowel syndrom; IBD, inflammatory bowel
disease; KO, knock out; MS, maternal separation; MPO, myeloperoxidase activity;
MUC2, Mucin 2; NGF, nerve growth factor; NMDA, N-methyl-D-aspartate; P2X,
purinergic receptor; PAR2, Protease-activated receptor 2; PI, post infectious; PND,
post-natal day; POI, post-operative ileus; SCFA, short chain fatty acids; SERT,
serotonin transporter; SHR, spontaneously hypertensive rat; SIS, social isolation
stress; TFF3, rail fold factor 3; TLR, toll like receptor; TNBS, Trinitrobenzene
sulfonic acid; TNE tumor necrosis factor; TRH, thyrotropin-releasing hormone;
TRPV1, transient receptor potentiate vanilloid 1; VNS, vagal nerve stimulation;
WAS, water avoidance stress; WKY, wistar kyoto; ZO-1, Zona occludens 1.

PATHOPHYSIOLOGY OF FGID

Functional gastrointestinal disorders have long been regarded as
purely psychosomatic conditions. In the last decade, however,
evidence for a low-grade mucosal inflammation, dominated
by mast cells, eosinophils, and T-lymphocytes (5-8), as well
as impaired epithelial barrier function (9) and neuronal
hyperexcitability (10) leading to visceral hypersensitivity (11)
and dysmotility has accumulated in FGID, challenging the
traditional paradigm of a purely functional disorder. Mast cells
represent a crucial link in colonic neuro-immune interaction
as they communicate with both the intrinsic; i.e., enteric, and
extrinsic nervous system in the gut and release mediators such as
tryptase and nerve growth factor, which are involved in visceral
hypersensitivity and mucosal permeability in FGID patients
(12). A commonly cited hypothesis is based on the concept
that luminal antigens, originating from food components,
microbiota or other noxious substances such as bile and acid
can induce a mast cell and eosinophil predominant immune
activation through a failing mucosal barrier which has been
found in FD and IBS (13, 14). Nevertheless, it is still unclear
whether the mucosal barrier function has any causal role in
the pathogenesis of immune activation or whether it is a
consequence of the inflammatory response or an unimportant
epiphenomenon without a role in disease pathogenesis. Another
potentially important player, the microbiota, have been studied
intensively in the last years (15). While alterations in colonic
and fecal microbiota have been described by several groups
in IBS (16), disruption in microbial homeostasis in FD is still
largely uncharted territory. Only a limited number of studies
have reported alterations in gastric (17) and duodenal microbiota
composition in FD (15).

As mentioned above, FGIDs are currently understood
as disorders of the brain-gut axis, i.e., the neurohumoral
communication system between the brain and the
gastrointestinal tract, leading to gastrointestinal hypersensitivity
and dysmotility (18). However, central alterations have been
mostly studied in the context of visceral hypersensitivity, and
the anterior cingulate gyrus, the prefrontal cortex, and the
insular cortex have been found to be abnormally activated in IBS
patients with visceral hypersensitivity (19). Other structures such
as the amygdala or hippocampus have an altered functionality
in FGID patients (20). Furthermore, these brain areas are also
strongly implicated in psychiatric disorders such as depression
and anxiety, two co-morbidities highly represented in FGID
patients and associated with visceral hypersensitivity (11, 21, 22).

STRESS-RELATED MODELS OF FGID

Stress is biologically defined as a physiological response to a
stimulus that allows organisms to adapt to their environment
(23). However, when stress becomes chronic or occurs whilst
important development processes are ongoing, the consequences
can be harmful and lead to a predisposition for several diseases,
including cardiovascular diseases (24), metabolic disorders (25,
26), depression (27), neurodegenerative diseases (28), drug abuse
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TABLE 1 | Effect of stress on the Gastrointestinal tract and brain in animal models.

Stress models

Stomach

Small intestine

Colon

Central nervous system

Prenatal stress

Maternal separation

Limited bedding

Odor shock
conditioning

Water Avoidance
Stress

Restrain stress

Partial restraint
stress

Susceptibility to
erosion (83)
Delayed gastric
emptying (84)

Impaired gastric
accommodation at
D2 via peripheral
5HT2B signaling
(119)

Increased
postprandial gastric
contractions at D2
(120)

Delayed gastric
emptying through
sympathetic
activation (36, 137)
Increased active
ghrelin
concentration (137,
139, 140)

Hyperpermeability at
D1 (112, 113)
Structural changes
mucus layer at D4
(115)

Dysbiosis at D8
(117, 118)

Hypersensitivity (66)

Dysbiosis (67)

Decreased innervation &

increase colonic secretory response to
adrenaline (68)

Hyperpermeability during separation

At weaning, fecal dysbiosis (74) &
hyperpermeability (75)

Adult hyperpermeability, mostly
transcellular pathway associated with
abnormal cholinergic regulation (81)
Hypersensitivity (76, 78)

Immune cells infiltration (MC Eo) (77)
Hypersensitivity of neurons from myenteric
plexus to IL6 modulation of secretory and
motility functions (79)

Increased number of enterochromaffin
cells & Increased expression SERT (92)

At weaning, fecal dysbiosis (female
predominance) & hyperpermeability (69,
74)

In adulthood hypersensitivity (male
predominance) (102—104)

Hyperpermeability and hypersensitivity
through estrogen and GC-C/cGMP
pathway; female predominance (104)

Hyperpermeability at D1 (112, 113)
Hypersensitivity at D3 (114)
Structural changes mucus layer at D4
(115)

Dysbiosis at D10 (117, 118)

Increased fecal output CRFR1-dependent
manner (37)

Hypersensitivity (134-136)
Hyperpermeability through re-organization
of the cytoskeleton (134)

Changes in mucosal morphology and
decrease of glial cells in the submucosa
plexus

Increased immune cells infiltration (MC Eo)
(135)

Overactivation of the HPA axis in
adulthood with female predominance
Epigenetic changes BDNF (SC-female
predominance) (67)

Decreased activity of glucocorticoid
negative feedback (85) increased ACTH
response to stressors (86)

Increased serotonin concentration in
frontal cortex

Increased expression SHT1A/1B/2A in
parietal cortex & hippocampus

Increased activation of 5HT neuron in
raphe magnus and spinal cord (60, 89)
Increased sympathetic activity and
decreased of parasympathetic activity (94)
Increased release of glutamate &
AMPA/NMDA receptors involved in
remodeling of synapses in hippocampus
(95, 96)

Decreased social/exploratory behavior &
impaired learning and memory (102, 103).
Decreased dendritic branching
hippocampus

Altered thalamo-cortico-amygdala
pathway

Increased connectivity in locus coeruleus
(females) (102)

Acts on neuronal development of dentate
gyrus (105)

Increased expression CRF & GR receptors
in central nucleus amygdala (109)

Increased dlial, neuronal activation in
hypothalamus and amygdala &
synaptogenesis

in the hippocampus (121, 123)

Neuronal activation over several brain
structures and nuclei including the
supraoptic nucleus, locus coeruleus, the
ventrolateral medulla, the medial division
of the central amygdaloid nucleus, nucleus
of the solitary tract and even the dorsal
nucleus of the vagus nerve, structures
involved in food intake and stress
response.

Neurons also expressing phoexinin and/or
nesfatin (127, 128)

Overactivation of the insular cortex related
with colonic hypersensitivity (19)

(Continued)
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TABLE 1 | Continued

Stress models

Stomach

Small intestine

Colon

Central nervous system

Crowding stress

Social isolation

Abdominal surgery

Impaired gastric
emptying

Low ghrelin
concentration (249,
251, 252)

Hyperpermeability
In WKY rat,
activated mast cells
(146)

Impaired motility
through the
activation of the
inhibitory reflex
pathway

Increased mast cells density (145)

In WKY rat activated mast cells, MPO level
& transient hyperpermeability, alteration of
mitochondrial activity (146)

Alterations in the IL-18 pathway and
MUC2/TFF3 expression (149)

Impaired motility, delayed transit increased
cytokines expression in muscular layers
(240) (241)

Increased permeability non-related to
TLR2/4 (244)

Anxiety-like and depression-like symptoms

Early transient changes (Day 3) in the
nitrergic expression in the PFC,
hippocampus, hypothalamus (147)

Anxiety-like and depression-like symptoms

Reduced BDNF levels & increased
reactivity of the HPA axis (148)

Changes in the nitrergic expression in the
PFC, hippocampus, hypothalamus (147)

Activation of nuclei (supraoptic nucleus,
locus coeruleus, paraventricular nucleus of
the hypothalamus & rostral raphe pallidus)
expressing nucleobindin2/nefastin
complex involved in the decrease of food

increased cytokines
expression (TNFa,
IL1a, IL6, IL1B,
CCL2) (241)
infiltration resident
macrophages (245)

intake and Gl transit (253)

5HT, serotonin; 5SHT1A/1B/2A/2B, serotonin receptor type 1A, 1B, 2A, 2B; ACTH, adreno cortico trophic hormone; AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid;
BDNF, brain-derived neurotrophic factor; CCL2, chemokine ligand 2; CRH, corticotropin-releasing hormone; CRHR1 corticotropin-releasing hormone receptor type 1, D1/2/3/4/8/10,
day 1/2/3/4/8/10; Eo, eosinophils; GC-C/cGMPR, guanylate cyclase C/cyclic guanylin monophosphate; Gl, Gastrointestinal; GR, Glucocorticoid receptor; HPA, hypothalamus-pituitary-
adrenal; IL, interfeukin; MC, mast cell; MPO, myeloperoxidase activity; MUC2, Mucin 2; NMDA, N-methyl-D-aspartate; PFC, prefrontal cortex; SC, spinal cord; SERT, serotonin

transporter; TFF3, rail fold factor 3; WKY, wistar kyoto.

(29), etc. Over the last decade, the incidence of the stress-
related disease has increased, especially in societies where socio-
economic pressure plays a crucial role in daily life (30). Physical
and psychological stress have been documented intensively
as decisive factors in the clinical course of several disorders
including FGID (31). The hypothalamus-pituitary-adrenal gland
(HPA) axis is the endocrine effector of the stress response, with a
central role for corticotropin-releasing hormone (CRH), secreted
in the hypothalamus, but also locally in the GI tract (32). By
binding to its receptors, CRH stimulates the production and
the release of glucocorticoids including cortisol in humans and
corticosterone in rodents (33), key regulators of the physiological
adaptation to stress (34). In normal conditions, the HPA axis is
under rigorous regulation, at both the neuronal and hormonal
level, since the glucocorticoid and mineralocorticoid receptors
are part of a negative feedback loop which protects organisms
against the harmful effect of prolonged exposure to stressors.
Nonetheless, a combination of repeated environmental stressors
may lead to a maladaptive response resulting in altered brain
structure and function (35), predisposing to disease. CRH
receptors are found to be expressed in both the GI tract and the
central nervous system (CNS) suggesting a crucial role for this
factor in the stress-induced disruption of gut homeostasis (36)
including transit (37-39), visceral sensitivity (40-42), intestinal
permeability (36, 43, 44) and gastric inflammation (45).
Psychological stress and anxiety, often reported by FGID
patients, influence the onset of symptoms and predict the
clinical outcome (46). Recently, data from our group identified

a crucial role for CRH and mast cells in this response, translating
previous rodent studies to the human situation (47). Intriguingly,
also in inflammatory bowel disease (IBD), longitudinal studies
of patients in clinical remission have indicated that stress
increases the risk of disease relapse, although the underlying
mechanism remains elusive (48). It is still unclear whether stress
induces inflammatory changes or whether it is a modulator of
symptom perception independent of gut inflammation. Recent
studies found that stress influenced the composition of the
microbiota, associated with mood disorders and alterations in
neurotransmitter pathways (49). Several stress-related animal
models have been developed to elucidate the role of stress in
the observed changes in the altered sensorimotor function of the
gastrointestinal tract in patients with FGID.

In this section, we made a distinction between models of
stress applied to adult animals and those involving stress around
birth (pre- and post-natal models), i.e., early life stress (ELS).
The stress models presented in this section are summarized in
Table 1. Evidence from literature indicates that a similar stress
paradigm has different effects depending on whether it occurs
while the brain is still under development or when the neuronal
circuits are already fully developed. Indeed, several studies in
humans found that stressors in early life are more likely to result
in psychiatric and functional disorders, including FGID (50, 51).
Post-natal ELS models use this strategy to induce an increased
corticosterone concentration in pups during a period in which
they are normally only exposed to low corticosterone levels due
to the continuous maternal care (52, 53). The two first weeks of
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life in rodents (from PND2 til 14) correspond to an insensitive
period to environmental stimuli for the HPA axis called stress
hyporesponsiveness period (SHRP) (54). During this SHRP, the
HPA axis is quiescent and circulating corticosterone, ACTH and
CRH levels are very low (55). During this period, stimuli that
normally induce corticosterone increase in adults, do not affect
pups and the reduced adrenal sensitivity observed is illustrated
by the fact that pups do not show a significant elevation of
corticosterone concentration following injections of high doses
of ACTH (56). The HPA axis maturation mechanisms have not
been fully uncovered. Part of these involves enhanced negative
feedback due to the low expression of transcortin at the pituitary
level (57, 58) and also the decreased expression or transport
of hypothalamic secretagogues (59) further supported by the
fact that the glucocorticoid regulation of hypothalamic CRH
gene expression is not mature during the SHRP (60). Moreover,
the regulation of the hypothalamic expression of the arginine
vasopressin gene - that occurs at very early stages (61)—which
is involved in the ACTH stress response in young rats has a key
role for the control of ACTH release from the pituitary (62).
Furthermore, it is also the most critical period in the development
of central structures such as the amygdala (63) and hippocampus
(64). In those two structures, neurodevelopment is very active
with neurogenesis, cell differentiation, and migration (65). The
existence of such a hyporesponsiveness period suggests that high-
stress level might be harmful to the normal development of the
brain and could affect the maturation of behavior dependent on
those brain systems that are normally developing at that time like
the emotional learning systems (57).

Prenatal Stress

In the last decade, data coming from clinical psychiatry
showed that women’s health status before and during pregnancy
is a determining factor for the development of psychiatric
disorders, including schizophrenia and depression, socio-
emotional problems or altered stress response of the children
later in life (49). History of a poor socio-economic context,
malnutrition, obesity, metabolic disease, depression, and anxiety
in the mother, has been linked to the development of FGID
in the child (51). Several paradigms have been used in rodent
mothers, including repeated daily immobilization, exposure to
noise, sleep deprivation or an alternation of unpredictable
stressors to mimic the human situation (49). The effect of those
maternal stressors on the development of psychiatric disorders
in the offspring is well described, and their effect on the GI
tract have been studied in a couple of them. Winston et al.
demonstrated that unpredictable chronic stress, i.e., a random
sequence of twice daily application of either water avoidance
stress, cold restraint stress or forced swimming stress, applied
from mid-gestation until delivery in pregnant Sprague Dawley
rats induced colonic hypersensitivity in both male and female
offspring. Besides, when the animals were re-exposed to the
same pattern of stress as their dam at 8-12 weeks of age, they
displayed an increased response compared to the offspring of
non-stressed dams with a more pronounced effect in females
(66). The observed effect in females correlated with epigenetic
modifications of the brain-derived neurotrophic factor (BDNF)

gene in the dorsal horn of the lumbosacral spinal cord. Using
the same stress model in mice, Jasnarevic et al. could point out
a strong link between the stress-altered maternal microbiota and
neurodevelopmental alterations and microbiota composition in
the offspring (67). This important finding was further confirmed
in another study that demonstrated long-lasting changes in the
intestinal microbiota composition, associated with a deficiency
in the innervation of the distal colon and an increased colonic
secretory response to adrenergic stimulation and an exaggerated
response of the HPA axis to stress (68).

Neonatal Stress
Maternal Separation
The most frequently studied and used model of ELS is the
maternal separation (MS) model in which pups are separated
from the dam and the rest of the nest every day during their
first weeks of life. Multiple variations of the MS procedure have
been described, with changes in the duration of the separation
and the number of days of separation. Variations include MS
until weaning whereas other protocols use a 24h separation
between post-natal day 3 (PND3) and PND4 (69). The most
common protocol consists of about 12 days of separation, 3h
per day, starting from PND?2 till PND14. This daily separation
induces anxiety in the mother (70) leading to a discontinuity in
maternal care and an abnormal mother-pups relationship (70,
71) and initiates the premature end of the hypo-responsiveness
period through a rise of corticosterone in the pups (72). Short
separation (< 60 min) is not harmful and separation of 15 min
even diminishes anxiety-related behavior and the pup’s response
to stress later in life (73). Repetitive, short separations are
reminiscent of the natural behavior of the mother who needs
to gather food. However, longer separation mirrors caregivers
neglect and physical and psychological abuse during childhood.
Pups who underwent the maternal separation, display an
increased intestinal permeability as well as changes in the
microbiota composition at the time of weaning which are
associated with an increase in the basal level of corticosterone
(74). Changes in the microbiota included a lower diversity of
the microbiome with a decrease of the fiber-digesting bacteria,
mucus-resident and butyrate-producing bacteria (74). Another
study showed that, during the maternal separation (at PND9)
in mice, the separated pups had an enhanced permeability
with a decreased trans-epithelial electrical resistance and an
increased transcellular permeability in the colon while the small
intestine was not affected (75). In adulthood, at 2 to 3 months,
animals who underwent the maternal separation protocol (12
days of separation 3 h/day) have an increased response to
colorectal distension, which was more pronounced in mice than
in rats (76). In fact, in rats, the MS protocol alone does not
change visceral sensitivity but rather induces a susceptibility to
develop visceral hypersensitivity when animals are re-exposed
to an acute stressor later on during adulthood. Interestingly,
this susceptibility is transmitted across generations through a
mast cell-dependent mechanism (77). The latter is an important
part of the immune cell infiltration characterized after MS
in the intestinal mucosa. When activated, mast cells released
mediators such as histamine and other inflammatory factors
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including IL6 and nerve growth factor (NGF), which are able
to sensitize the nerve endings located in the colonic mucosa
which express ionic channels including the transient receptor
potentiate vanilloid 1 (TRPV1). The modulation of this ion
channel has been shown to be an important factor in the maternal
separation stress-induced visceral hypersensitivity (78). O’Malley
et al. also demonstrated an IL6-dependent hypersensitivity of
the neurons from the submucous plexus, which are involved
in the secretory and motility function of the colon (79). Local
inflammatory mediators such as the myeloperoxidase activity
(MPO), 114, IL1f, or IFNy are also associated with intestinal
barrier dysfunction and to an alteration in morphology of the
colon of adult rats (80). The increased permeability described
in maternally deprived animals mainly involves the transcellular
pathway and seems to involve an abnormal cholinergic regulation
of the epithelial permeability (81). As previously mentioned,
CRH receptors are expressed along the GI tract and CRH is
one of the mediators of the GI effects of maternal separation.
However, the two receptors for CRH have a differential effect
on the intestinal physiology. Indeed, while maternally separated
adult rats treated with CRH Receptorl (CRHRI1) antagonists
displayed a decreased inflammation, the group treated with a
CRH Receptor2 (CRHR2) antagonist showed an inhibited stem
cell activity and injury repair. CRHR1 contributes to intestinal
injury and modulation of the microbiota while CRHR2 promotes
healing and repair of the intestine (82). Besides the well-
documented colonic injury in animals submitted to maternal
separation, studies also showed an alteration in gastric function
characterized by enhanced susceptibility to gastric erosion (83)
and a delayed gastric emptying associated with structural changes
in the glial cells (84).

The separated pups develop an increased reactivity of the
HPA axis in response to stress during adulthood (71), as
shown by a decreased activity of the glucocorticoid negative
feedback loop (85) and an increased adreno cortico trophic
hormone (ACTH) response to a stressor (86). Several central
neurotransmitter pathways are also affected by MS including
the serotonergic (87), cholinergic (81) and glutamatergic (88)
pathway. The serotoninergic pathway is altered with an increased
5-hydroxytryptamine (5HT, serotonin) concentration in the
frontal cortex and increased expression of the 5HT 1A, 1B,
and 2A receptors in the parietal cortex and the hippocampus
(60, 89). Furthermore, MS rats showed increased activation of
serotoninergic neurons in the raphe nucleus and the spinal
cord. Rat studies have demonstrated the involvement of the
5-HT1A receptor in the pathophysiology of stress-induced
visceral hypersensitivity as a treatment with the mast cell
blocker Resveratrol was potentiated by a pre-treatment with
a 5-HT1A agonist (90). In the same way, a therapeutic effect
of anti-depressants targeting the monoaminergic system has
been reported in this model (91). At the enteric nervous
system (ENS) level, an increased number of enterochromaffin
cells producing 5HT and increased expression of the serotonin
transporter (SERT) were observed in MS rats (92). These
findings may contribute to the observed altered sensorimotor
function in FGID patients with a childhood abuse history,
although the role of enterochromaffin cells and SERT has not

been studied in particular context. Increased noradrenaline
levels, the main neurotransmitter of the sympathetic branch
of the autonomic nervous system, in the cingulate cortex was
associated with fear and anxiety in the MS model (93). In IBS
patients, studies measuring heart rate variability confirmed an
increased sympathetic nervous system activity and a decreased
parasympathetic nervous system activity (94). Alterations have
also been described in the glutamergic pathway, which is
involved in emotion and cognitive behavior. Maternal separation
induced a release of glutamate in the hippocampus which
activated receptors leading to neuronal excitotoxicity (95). In the
hippocampus of the MS rat, an increased expression of the a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
and the N-methyl-D-aspartate (NMDA) receptors have been
found to be associated with a remodeling of the synaptic
plasticity (95, 96). Alterations in the hippocampus also concerns
neurogenesis which explains the long-term consequences in adult
behavior. Maternal separation affects the neurogenes which is
very active during the SHRP and leads to impaired coping
behavior in adulthood and the learning process (97).

Limited Bedding

As mentioned above, the socio-economic status of caregivers
affects the onset of FGID in children. To mimic poverty
and precarious conditions in humans and also to limit the
intervention of an external experimenter which is subject to
variability, a model of limited cage bedding, mostly applied
between the PND2 and PND9, was developed first in rats and
later also in mice (98, 99). Some recent studies have proposed a
variation by applying intermittent limited bedding from PND1
to PND7 or limited bedding from PND8 to PND12 (100). In
this model, the female does not have access to any form of
enrichment to build a nest. This altered environment is stressful
for the mother and leads to a fragmentation of maternal care
without changing the overall duration. The periods of maternal
care are shorter and the behavior is more frequently shifted
from one to another e.g., grooming, nursing, going in or out of
the nest, self-licking, self-grooming... (101). The mother’s stress
can be modulated by varying the amount of nesting material
introduced in the cage. With this protocol, the stress applied to
the pups is chronic, unpredictable and uncontrollable which has
good construct validity for stress-related disruption of parental
care in a context of economic difficulties (69). The profound
chronic stress induced by this protocol leads to a transient
increase of the corticosterone concentration and hypertrophy
of the adrenal glands, increased intestinal permeability and
a fecal dysbiosis in 21-day old pups while these effects had
disappeared at 12 months (69, 74). Although the concentration
of corticosterone was strongly correlated with the hypertrophy of
the adrenal glands, the elevated concentration of corticosterone
was associated neither with the observed dysbiosis (lower
diversity and increased abundance of genera of Gram positive
cocci) nor intestinal permeability, for which a sex difference was
observed with the females being more affected than the males
(74). However, in adulthood, the rats submitted to this early life
stress showed a reduction in social and exploratory behavior,
impaired learning and memory processes, a decreased dendritic
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branching in the hippocampus, an increased response to a stress
challenge and visceral hypersensitivity (102, 103). The latter,
depending on the method used for the colonic pain assessment,
showed no sex difference or a higher colonic sensitivity in males
(104). Similar results were observed for anxiety-like behavior.
Moreover, differences in the brain connectivity of the thalamo-
cortico-amygdala pathway during a painful stimulus have been
reported to be altered in rats submitted to this protocol of ELS.
The authors pointed out a sex difference with increased brain
connectivity in the locus coeruleus/lateral parabrachial nucleus
in females only (102). A recent finding showed that limited
bedding affects the neuronal development of the dentate gyrus
and depletes the stem cell pool in adult animals but does not
influence neurogenesis (105).

Odor Shock Conditioning

Many mammals including rodents are born blind and deaf, and to
stay warm and obtain the food and care needed to survive, they
need to learn the odor of their caregiver, e.g., their mother. For
this purpose, during the first 9 days of their life, pups display
an enhanced capacity for odor preference learning through a
stimulated release of norepinephrine, produced in the locus
coeruleus, which binds to its receptors in the olfactory bulb (53).
This allows the pups to learn the odor of their caregivers without
associating it to fear or aversion. Furthermore, during this
period, the pups display an inability to initiate a stress response.
Once this period ends, the level of secreted norepinephrine
decreases, associated with the development of the a2 inhibitory
auto-receptors functionality and the downregulation of the al
excitatory auto-receptors (53). In a second phase, called the
conditional sensitive period, from PND10 till PND15, pups start
to explore their environment and learn avoidance and fear for
aversive stimuli in the absence of the mother. As we described
earlier, the maturation of the HPA axis and maturation of fear
behavior happens during the time-window in which neuronal
circuits are located on the trajectory of the HPA axis maturation.
Several studies showed that the rise of corticosterone levels starts
during this period and is critical for the engagement of the
amygdala and the learning of aversion and fear in response to
a stimulus such as the odor of a predator (106). Interestingly,
during this period, the presence of the mother can reengage the
fear learning process (107).

Developed by and mostly used in the Greenwood-Van
Meerveld lab, the model of odor shock-conditioning consists
of predictable and unpredictable odor-shock pairings which
mimic attachment to an abusive caregiver. This model uses the
association between an odor and a modest electrical shock to
the tail to reproduce the pup-dam interaction and creates an
olfactory attachment to the conditioned odor in response to
predictable or paired odor/shock. In practice, pups are exposed
from PND8 to PNDI12 to an odor associated with an electrical
shock 2 minutes after the odor exposition while controls are
only exposed to the odor (104, 107-109). During adulthood,
only female Long-Evans rats displayed an increased colonic
permeability and a colonic hypersensitivity which persisted
later in life and seemed to be directly linked to estrogen
concentrations, as an ovariectomy in females subjected to

the odor shock conditioning model, rescued this phenotype
(108). Moreover, increased expression of the CRF and the
glucocorticoid receptor was found in the central nucleus of
the amygdala which was involved in the maintenance of
the colonic hypersensitivity (104). The use of linaclotide, a
guanylate cyclase C (GC-C) agonist used in clinical practice
to treat constipation-predominant IBS, restored both colonic
hypersensitivity and permeability, proposing the GC-C/cGMP
pathway as an important player in the peripheral regulation of
the persistent visceral pain in adults exposed to this form of
ELS (109).

Adult Stress
Physical Stress
Water avoidance stress (WAS) is one of the most frequently
used models of stress in adult rodents either alone or combined
with the maternal separation model. Several studies over the last
decade have used it to characterize acute and chronic stress-
induced GI symptoms and to study the effect of treatment,
including nutritional and probiotic interventions (110, 111).
During this protocol, the animal is placed on a platform (usually
10 x 10 for rats and 3 x 3cm for mice) surrounded by
water, either cold or at room temperature, until 1cm below
the platform. The water reservoir should be large enough to
avoid the animal to jump out and thus give the animal the
impression that no escape is possible. This protocol can serve
as either an acute or a chronic stressor and mimics resilience to
an uncomfortable situation. A large number of variations on the
protocol have been described in the literature and often differ
by their duration. WAS induces a robust activation of the HPA
axis which transiently alters gut physiology (110). One day of
stress induces an increased intestinal permeability (112, 113)
while 3 days of stress are needed for colonic hypersensitivity to
appear (114). Morphological changes, including the composition
and the structure of the mucus layer, were present from the
fourth day (115). Interestingly, the follicle-associated epithelium
in the ileum seemed to be more affected than the colon (116).
A fecal dysbiosis, including an altered composition and function
of the microbiota, has been described after 10 days of stress
in rats while in mice it already appears after 8 days in the
small intestine (117, 118). Gastric contractions after a meal
were increased in rats after two sessions of WAS, through the
activation of the peripheral CRH1 receptors (119). Impaired
gastric accommodation occurred after 2 days of stress and
was mediated through the peripheral serotoninergic receptors
S5HT2B (120). In mice, after four sessions, alterations in the
brain occurred with an increase of the neuronal and glial
activation in the hypothalamus, hippocampus, and amygdala.
These structures are not only involved in the stress response but
also in memory, pain and emotion pathways which are often
found to be altered in IBS patients (121-123). A sex-difference
has been described in the processing of emotional signals in
healthy humans (124), in patients with FGID (125) and stress-
related visceral hypersensitivity in rats (126).

As for the maternal separation, several models of physical
constraint have been developed over the years, among them
three versions of physical constraint: the partial restraint stress,
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full restraint stress and cold restraint stress. The extent and
the duration of the stressor differ amongst the protocols. With
a full body restraint stress applied in rats for 30 min, studies
have shown neuronal activation over several brain structures
and nuclei including the supraoptic nucleus, locus coeruleus,
the ventrolateral medulla, the medial division of the central
amygdaloid nucleus, nucleus of the solitary tract and even
the dorsal nucleus of the vagus nerve, structures involved in
food intake and the stress response (127, 128). Interestingly,
in those nuclei and structures, the activated neurons also
expressed nesfatin-1 and/or phoenixin, two peptides involved
in the regulation of food intake and anxiety behavior (129,
130). Nesfatin-1 is mainly expressed in the hypothalamus
and brainstem where it colocalized with CRF (131). When
administered directly into mice brain, nesfatin-1 led to an
increase of plasmatic ACTH and corticosterone levels, as well
as an activation of neurons expressing CRH, noradrenalin
and serotonin, indicating both a central and a peripheral
response to stress. Furthermore, the nesfatin-1 system is activated
when rats are submitted to restraint stress for 1h (132). In
mice, a protocol of 60min of full restraint stress showed a
CRF-dependent increase of pellet output which was abolished
by central injection of a specific CRFR1 antagonist—while a
CRFR2 specific antagonist had no effect—(37) and also by a
systemic injection of peptide YY (133). Partial restraint stress
is another common form of the model which consists of
restriction of the upper body movements. In this model, the
shoulders, upper forelimbs, and thoracic trunk of the animal
are wrapped in a confining harness of paper tape or cloth to
restrict, but not to prevent, body movements (134). This protocol
is mostly used as an acute stressor with a 1 to 2h period of
restraint. However, this short exposure already promoted (1)
colonic hypersensitivity (134-136), (2) an increased influx of
immune cells in the mucosa, mostly consisting of mast cells and
eosinophils (135), (3) an intestinal hyperpermeability through
the reorganization of the cytoskeleton in epithelial cells (134),
(4) a delayed gastric emptying associated with the stress-induced
sympathetic activation, increased CRF (36, 137) and associated
peptides (138) as well as active ghrelin concentration (137, 139,
140), and (5) changes in colonic morphology and a decrease
of enteric glial cells especially in the submucosa plexus (135).
By using this model for 14 days, Yi et al. could demonstrate
the implication of the insular cortex in stress-induced visceral
hypersensitivity, a region found to be abnormally activated in
FGID patients (19) and more in general in patients with chronic
pain (141).

Social Stress

One of the important findings of the last century in the field of
psychobiology is the stress-buffering effect of social relationships,
with an important role for oxytocin (142). Social buffering
conceptualizes the idea that social support can attenuate the
stress response and reduce the release of stress hormones (143).
As we discussed in the previous section, the more powerful
demonstration of this concept is the mother’s social buffering of
the offspring in which the mother and the pups can influence
each other’s corticosterone concentration (144).

However, the positive effect of this social buffering depends
on the nature of the relationship between individuals as well as
on the social organization of the species and/or gender. Many
species, including humans and rodents, live for almost their
entire life in a group with a strong hierarchy. As a result, any
disturbance in this social order or abuse is a potential source of
stress. In rodents, stress models used either the isolation of one
animal from the rest of the group, i.e., social isolation stress, or,
at the other end of the spectrum, an overpopulation within a
small area, i.e., crowding stress. Often used as models for anxiety
and depression-related disorders alterations of the GI physiology
have also been studied in rodents submitted either to the
social isolation stress or the crowding stress models. Crowding
induces a strong competition for space, food, and water and
leads to a strong increase of the corticosterone concentration
in the first days associated with early transient alterations in
the nitrergic system in the hippocampus, prefrontal cortex and
hypothalamus, an increase of iNOS expression in all structures
and increased of nNOS in the hippocampus and hypothalamus.
These changes are normalized over time through a habituation
process but remains higher than in normal housing conditions.
This protocol is used for 2 to 9 weeks depending on the strain
and type of rodent and is often combined with other types of a
stressor to simulate the combination of chronic and (sub)acute
stressors that naturally occurs in humans. Work from our group
demonstrated that 14 days of crowding stress in Wistar rats
induced increased permeability in the jejunum which correlated
with plasma corticosterone levels. However, mast cell density was
only increased in the colon (145). In Wistar Kyoto rats, a strain
sensitive to anxiety, a crowding stress protocol applied for 15
days induced a transient increase of the small intestine and colon
permeability associated with a transient rise of MPO activity
and altered mitochondrial activity (146) as well as mast cell
infiltration (colon) and activation in the GI tract (small intestine
and colon) (146).

Conversely, in the social isolation stress (SIS) model, the
animal is isolated from the rest of the cage. Often applied
just after the weaning, SIS modifies the development of the
brain and influences the nitrergic system in several brain areas
such as the hippocampus, the frontal cortex by increasing the
nNOS expression in the hippocampus and hypothalamus and
iNOS in the prefrontal cortex (147). A decrease production of
BDNE and an activation of the HPA axis which produce more
corticosterone.. Mice exposed to SIS, have an impaired reactivity
to stress with an overreaction to another stressor together with
increased anxiety- and depression-like symptoms (148). In the
GI tract, regional differences have been pointed out between the
colon and the rectum concerning MUC2/TFF3 expression and in
the IL-18 pathway in mice exposed to 16 days of SIS (149).

Combined Stress and Chronic Mild Unpredictable
Stress

Although the various animal stress models developed over the
last years have provided critical information about the influence
of stress on physiology, humans are usually not exposed to only
one stressor during their life and a combination of stressors
is often present in patients with FGID. Also, physiology can
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adapt to one homotypic stressor in humans and rodents, leading
to habituation and absence of effect after repeated exposure.
As a variety of animal models of stress are available, a wide
range of stress combinations can be used to better understand
the pathophysiological mechanisms behind stress-induced FGID
symptoms. Combinations of unpredictable mild stress are also
often used with a rotation between different stressors such as
light/dark cycle, isolation, crowding, predator odor exposure,
shock, cold environment, restraint stress....

An often-used combination in rats is the maternal separation
combined with one session of water avoidance stress in adult
rats. In contrast to mice, maternal separation is not always
sufficient to induce GI symptoms in rats (76) but increases the
susceptibility for GI symptoms upon subsequent exposure to
stress (150) which is transmitted to the next generation (77). In
another type of combination of early life stress, i.e., odor shock
conditioning, and water avoidance, a sex-difference was observed
with a more pronounced female susceptibility to develop visceral
hypersensitivity, which is in line with the female predominance
in FGID (151).

With the use of unpredictable stress models, which consist
of applying a stressor (SIS, restrain, WAS...) at unpredictable
moments of the day for a few days, the involvement of
nerve growth factor, endorphin, beta-adrenergic pathway, BDNF
and mast cells mediators and the toll-like receptor 4 (TLR4)
pathways have been demonstrated in stress-induced visceral
hypersensitivity (107). Recent studies suggested a role of an
altered microbiota in the anxiety and depression-like behavior
in animals exposed to unpredictable mild stress with a strong
correlation between the alterations in the microbiota and colonic
serotonin concentrations (152, 153).

LOW GRADE INFLAMMATORY,
POST-INFECTIOUS AND
POST-INFLAMMATORY MODELS OF FGID

Infections and inflammation are among the best-characterized
triggers for FGID symptoms. Although the pathophysiological
mechanisms are not yet fully understood, a low-grade
inflammation is considered as the main explanation for the
symptoms in so-called post-infectious (PI) IBS and FD (154).
Evidence from IBD patients in remission has also brought some
more arguments for this mechanism of persistent low-grade
inflammation triggering IBS-like symptoms (155). Psychological
factors have been shown to be associated with the prevalence of
PI-IBS as well as somatization which, when happening during
the infectious period, is positively correlated with the incidence
of IBS symptoms (156).

Low Grade Inflammatory Models

Low dose injections of inflammatory factors like the bacteria-
derived lipopolysaccharide (LPS), injected systemically at the
dose of 1 mg/kg can also trigger FGID features such as
rectal allodynia and colonic hyperpermeability. Visceral allodynia
appears 3h after injection last up to 12h and is mediated
by mast cell degranulation, IL1p and TNFa (157). When

Authors performed a subdiaphragmatic vagotomy, they observed
an increased allodynia compared to sham animal which
suggest that the rectal allodynia seen after LPS injection
is controlled by the vagus nerve (158). In another study,
both the hyperpermeability and allodynia observed 3h after
injection, were normalized with antagonist of TLR4 and IL1p
as well as with a CRFR2 specific agonist and Astressin
a non-selective CRFRs antagonist suggesting an important
role of the CRF in the effect of LPS injection on visceral
sensitivity and permeability (159). Moreover, allodynia and
hyperpermeability were abolished with peripheral injection of a
selective CRFR2 agonist and with an non-selective inhibitor of
CRF receptors (157). Losartan, an angiotensin II blocker, and
lovastatin reversed the permeability and allodynia, dependent
on the macrophage peroxisome proliferator-activated receptor
gamma (PPARy) and the endogenous opioid, dopaminergic
and nitrergic system, potentially opening the door for novel
therapeutic strategies of FGID (160, 161). Similarly, the tricyclic
antidepressant imipramine reversed LPS-induced allodynia and
colonic hyperpermeability (162).

Several models have also been developed using a low
concentration of dextran sodium sulfate (DSS) to induce
low-grade inflammatory changes (163). This model contrasts
with the post-inflammatory model of high-dose DSS followed
by a recovery period, discussed in the next paragraph. An
overexpression of the T-type calcium channel cav3.2 in this
model, which was also observed in colonic biopsies of IBS
patients, was associated with colonic hypersensitivity in this
model (163, 164).

Post-inflammatory Models

Rodent models of post-inflammatory GI disorders attempt
to simulate a post-inflammatory situation mostly represented
by the resolution of an acute infection. Most of the models
presented below originally are models for IBD but can be
instrumental to study certain aspects of the development of
GI symptoms after resolution of the acute inflammation. The
development of post-inflammatory GI disorders occurs in 25
to 100% of the treated animals depending on the trigger used.
Furthermore, the severity of symptoms and functional alterations
developed in the post-inflammatory period—except for the
visceral hypersensitivity—seems to be independent of the severity
of the initial inflammation (165).

An acute treatment with a high percentage of DSS followed
by a DSS-free period (166) creates a remaining low-grade
inflammation which is associated with visceral hypersensitivity
and SERT downregulation leading to gut dysmotility. The
expression of TRPV1, another ionic channel, has been shown
to be increased in the recovery phase only in the colonic
mucosa and linked to the persistent visceral hypersensitivity
(167). However, other studies have shown a quick restoration
of the original phenotype without colonic hypersensitivity to
mechanical stimuli (152).

Trinitrobenzene sulfonic acid (TNBS), leads to a Th1 immune
response with ulcers in rodents within the first 3 days after
instillation. Two weeks after instillation, the inflammation is
resolved, but a visceral hypersensitivity, motility dysfunction
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due to a persistent long-term smooth muscle hyperactivity to
acetylcholine, an increased mast cell infiltration in the mucosa,
an upregulation of the NMDA-NRI1, as well as galanin and
tachykinin expression in the mucosa and myenteric plexus, a
barrier hyperpermeability and a decreased secretory function
through a cyclooxygenase-2 (COX-2) dependent mechanism
can be demonstrated (168). The long-lasting symptoms, such
as visceral hypersensitivity, are present up to 17 weeks after
the induction and involve overexpression of the NMDA
receptor NRI in the spinal cord as well as changes in the
distribution and the sensitivity of the colonic afferents. A
TRPV1 antagonist, a guanylate cyclase agonist, melatonin and
a probiotic (Bifidobacterium infantis 35624) were able to rescue
this phenotype (169). Mast cells, through their main mediator
histamine and its receptors H4R and H1A, play a substantial role
in post-inflammatory visceral hypersensitivity (170). Recently,
Winston et al. demonstrated a gastric hypersensitivity in 8 weeks-
old rats previously exposed to TNBS (171) which positioned this
model as a general model for FGID and a good model for patients
with FD and IBS overlap symptoms, which is common in clinical
practice (172).

Acid acetic, Zymosan and mustard oil are irritants
administered directly into the colon of adult or neonatal
animals by enema. When administered in pups, long-lasting
visceral hypersensitivity has been reported for 8 to 10 weeks
for Zymosan and mustard oil and up to 12 weeks for acid
acetic (168) without histological damage in adult rats (173).
Seven days after acid acetic induction in adult rats, when the
inflammatory phase has subsided, a defect of the intestinal
barrier function was reported with altered occludin and ZO-1
protein expression in a miR-144-dependent manner (174).
The same barrier defect was also observed in rats submitted
to the neonatal protocol. When administered directly into the
submucosal layer of the stomach using 15 to 20 injections in
adult rats, acid acetic promoted gastric hypersensitivity (175).
Zymosan and mustard oil sensitized the mechanoreceptor
and other neurons present in the colonic wall which persisted
after the inflammatory phase (176, 177). Both Zymosan and
mustard oil, induced neuronal changes in the spinal cord and
the brain by increasing the neuronal excitability as shown by an
increased presence of c-FOS positive neurons (178). The latter
was associated with an altered expression pattern in the NMDA
receptors in females which might be responsible for the female
predominance in visceral sensitization following the mustard
oil model (179). The stimulating effect of mustard oil on GI
motility has been documented in both the upper and lower GI
tract (180). Although the increased neuronal activation in the
central nervous system in those models would suggest behavioral
changes, anxiety-like symptoms have only been described in
the zymosan model in which these behavioral symptoms were
present during the inflammatory phase and remained present
for 2 weeks after the induction, associated with increased c-FOS
expression in different brain regions such as the amygdala,
prefrontal cortex, periaqueductal gray... and increased TNF-a
levels in the colonic mucosa (181).

Iodoacetamide is an alkylating agent administered by gavage
in neonate rodents to induce a mild inflammation of the
gastric mucosa that is associated with acute changes in sensory

and motor function. Inhibition of the glucocorticoid receptors,
adrenergic receptors, BDNF or the nerve growth factor (NGF)
during the neonatal period suppressed the induced gastric
hypersensitivity (171). The inflammation phase in pups is
characterized by a thickening of the neuromuscular layer
without increased MPO levels. During adulthood, histology and
inflammation levels are comparable to control animals while the
gastric sensory and motor dysfunction remained present up to 8
weeks after the treatment (182).

Post-infectious Models

Within the GI tract, the host and billions of micro-organisms
are co-existing, creating a unique symbiosis. Products secreted
by the microflora influence the gut function by their effect
on neurotransmitters, epithelial function, secretion, or muscle
contraction (183). The composition of the gut microflora
depends on different factors such as diet, geographic position,
genetics, and gender. The balance is strongly influenced
by changes in the diet, travel or bacterial and parasitic
gastrointestinal infections. The occurrence of FGID symptoms
after an infectious episode has been found in a range of 3 to
36% of an infected population (156, 184, 185). The latter has
been found to alter gut physiology through different mechanisms
including the triggering of an inflammatory reaction, alterations
at the neurochemical level and immune function, and alterations
of the nerve distribution (186). Some of the parasites and
bacteria that can infect the human GI tract, can also infect
rodents and trigger symptoms or GI abnormalities reminiscent
of human FGID.

Trichinella spiralis is an intestinal parasite found in humans,
rodents, and pigs and is used as a model of post-infectious IBS in
mice. For this purpose, mice are infected with 200 to 300 larvae
in one gavage. During the acute phase, parasites are evacuated
from the organism triggering a Th2 inflammatory phase in both
the mucosa and muscular layers (187, 188). The post-infectious
phase is defined at 4 weeks post-infection when the inflammatory
phase has subsided (188). However, Akiho et al. found that
transforming growth factor (TGF)-p remained overexpressed
during this post-inflammatory phase and the smooth muscle cells
were still hyperreactive to an immune challenge (primary culture
of smooth muscle cells incubated with Th2 cytokines TGF-p1 and
COX2) ina COX-2 dependent manner (187). Moreover, the long-
lasting effects of the infection, such as visceral hyperalgesia which
has been reported up to 70 days after infection, were inhibited
by selective and non-selective COX-2 inhibitors (187, 189). Data
on the effect of COX-2 inhibitors in humans are still lacking.
In the post-infectious phase, the small intestine smooth muscle
contractility, as well as the mucosal transport, remained altered.
The latter shifted from a predominantly cholinergic in normal
conditions to a non-cholinergic regulation (188).

Other animal models used infections with Nippostrongylus
brasiliensis and Cryptosporidium parvum, which are both
characterized by mast cell hyperplasia, visceral hypersensitivity,
motility dysfunction with an increased motor response to
excitatory agonists due to a remodeling of the nerve pattern
as found in PI-IBS patients long after the infection. Other
bacteria have been used including Campylobacter rodentium,
Campylobacter jejuni or Salmonella enterica. However, those
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infections are less well-characterized regarding their FGID
features or have a low success rate in rodents (168).

Overgrowth of Escherichia coli in the ileum of IBS and IBD
patients has been associated with the expression of the human
bacterial colonizing receptor CEACAMS6 (190). Expression of the
human CEACAMS in the murine GI tract induced colonization
and growth of pathogenic Escherichia coli upon gavage and
led to an infection. In this model, mice are treated with the
bacteria for 3 days, leading to a transient inflammation, intestinal
hyperpermeability, and colonic hypersensitivity. The latter was
present until 3 weeks after infection and was associated with
a remaining low-grade inflammation and overexpression of the
purinergic receptors P2X receptors in the colon (191).

FOOD-RELATED MODELS OF FGID

Food indigestion, intolerance or allergy are major triggers for
abdominal symptoms. Due to genetic predisposition, infection
or stress, oral tolerance, which is critical in avoiding immune
reactions against food antigens, may be disrupted, leading to
FGID symptoms. In IBS patients, the ingestion of certain food
compounds triggers FGID symptoms (192) and elimination diet
strategies, such as low FODMAP or gluten-free diets, are effective
in some patients (193).

Food allergy represents a break in the oral tolerance
and the consumption of allergens trigger a Th2 response
and the activation of mast cells through the IgE pathway.
FGID manifestations such as low-grade inflammation, visceral
hypersensitivity, increased permeability, have been reported in
rodent models of food allergy (194, 195). In those models as well
as in humans, gender differences have been described. However,
studies are diverging on the effect of the gender with female
rodents being more affected than males while in children the
prevalence is higher in males. Those differences might be related
to the difference in the immune system response to allergens
which is strongly influenced by sex hormones (102, 195). Those
models differ by the allergen used, which can be egg proteins,
peanut components, milk or seafood extracts, but all follow
the same pattern with a phase of allergy-induction and a re-
challenge with the same allergen several days or weeks after the
induction (195). Many of the validation criteria for a rodent
allergy model are comparable to the evaluation of the FGID
related changes, e.g., presence of histological changes with local
and systemic inflammation and activation of eosinophils and
mast cells (195). In an elegant study, Aguilera-Lizarraga and
Florens demonstrated that the establishment of oral tolerance
can be impaired due to stress or intestinal infection, two major
triggers of FGID symptoms, without triggering a systemic allergic
reaction. Their results showed that this impaired tolerance
triggered a mast cell activation through local (but not systemic)
IgE, leading to colonic hypersensitivity and hyperpermeability
(196, 197).

Obesity is one of the main health problems of our society
and affects an increasing number of people over the world.
Obesity is often associated with metabolic disorders such as
diabetes or hypertension and also with FGID (198). IBS is

three times more frequent in obese patients compared to the
general population (199) and patients report both upper and
lower GI complaints (200). Moreover, studies have reported
an increased incidence of GI symptoms among fast-food and
western-diet consumers (201, 202). Although, no animal model
of FGID includes eating habits or genetic background leading
to obesity, several observations in obesity models have pointed
out a chronic GI low-grade inflammation and hyperpermeability
induced by high fat, high sugar diet (HFHS) (203) which is
associated with changes in the microbiota composition (204).
Therapeutic strategies targeting the microbiota (205) as well
as dietary strategies (204, 206) have shown some promising
results in this model on the immune dysfunction and colonic
hyperpermeability. Although the effect of obesity on low-grade
inflammation, neuropathy, and hyperpermeability is not specific
to the gut—some studies reported epigenetic changes in several
organs (207)—it will be interesting to further investigate the
effect of obesity on the gastro-intestinal features of FGID
and on how it affects the outcome and/or the development
of FGID.

The imbalance between some bacterial phyla such as
Firmicutes/Bacteroidetes has been reported in IBS patients
(208). The firmicutes are the predominant butyrate and other
short-chain fatty acids (SCFA)-synthesizing bacteria within the
colon. Although the benefits of SCFA has been demonstrated,
rectal butyrate instillation in animals has been linked to
visceral hypersensitivity (209, 210). This hypersensitivity without
inflammation involved the enteric glial cells-derived NGF
pathway which sensitized the nerve fibers within the colonic
wall (211).

SPONTANEOUS MODELS OF FGID

Spontaneous animal models sharing key characteristics with
human FGID are of great value to unravel the complex chain of
events ultimately leading to symptoms and to aid in preclinical
drug development. Only a few spontaneous models for FGID
have been described (212-214) often sharing common features
for FD and IBS, mostly in rats.

The BioBreeding rat (BB-rat) is an inbred colony originating
from Wistar rats and have been selected for their ability to
spontaneously develop type 1 diabetes (215). The BB-rat consists
of a diabetes-resistant (control) and a diabetes-prone (BB-
DP) strain of which about 50 to 90% develops hyperglycemia
depending on their environment (216). Originally mostly used as
a model for type 1 diabetes, several groups have demonstrated
GI alterations closely mimicking FGID. Indeed, Neu et al.
have described changes in intestinal morphology and intestinal
permeability before the onset of diabetes (217). In the last 5 years,
our lab has described a gastrointestinal phenotype in those BB-
DP animals which did not develop diabetes, at all levels of the
GI tract. The intestinal changes closely resemble the alterations
found in patients with FD and IBS (213, 218-220). Based on these
observations, we proposed the normoglycemic BB-DP rat as a
spontaneous animal model for FGID. A natural history study of
the small intestine demonstrated that the earliest abnormality was
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an increased intestinal permeability at 50 days of age, followed by
an immune cell infiltration, progressing from the mucosa to the
myenteric plexus in animals from 110 days onwards (213). This
myenteric plexitis is associated with a loss of nitrergic neurons
and disturbed motility (213, 220). Concomitantly, an impaired
gastric accommodation, like in functional dyspepsia, has been
observed in young normoglycemic rats (220). The immune
infiltration is affecting the stomach, the small intestine, and the
colon and is characterized by activated mast cells and eosinophils
(221). Although the barrier defect precedes the infiltration of the
immune cells in the small intestine, we observed that in the colon,
the infiltration of the immune cells, which is present at the same
age as in the jejunum, precedes the hyperpermeability suggesting
a different mechanism in both locations. At both levels, we
found a positive correlation between mast-cells density and
mucosal permeability. Following this immune activation, we also
demonstrated colonic hypersensitivity to colorectal distention
and anxiety-like behavior in older BB-DP rats, which, however,
was not associated with the increased permeability or immune
infiltration in the colon (219). Altogether, the BB-rat model
is a valid spontaneous animal model for FGID, recapitulating
the permeability defect, eosinophil and mast cell predominant
immune activation, motility disturbances at different levels of
the GI tract, visceral hypersensitivity and behavioral alterations,
similar to human FGID.

The Wistar Kyoto (WKY) rat, originally used as a control
normotensive strain for the spontaneously hypertensive rats
(SHR), has been studied in the last decades as a model
of brain-gut dysfunction. Those rats display an exaggerated
response to chronic stress compared to Sprague Dawley rats
(222-224), associated with a higher susceptibility to develop
anxiety-like and depression-like symptoms (225). Regional
differences in monoamines concentration within the brain may
explain their susceptibility to anxiety and depression (226).
As described above, stress is a potent trigger for alterations
in gut physiology, especially through the central expression
of CRH in key structures involved in stress but also in pain
and emotion regulation. Wistar Kyoto rats have an increased
response to colorectal distension associated with increased
neuronal activation in the cortex (227). Specific inhibition of
the CRH pathway in the central amygdala and inhibition of
central and peripheral 5HT2B inhibits the increased response
to colorectal distension (87, 228). Besides the well-described
colonic hypersensitivity (87, 228, 229) and impaired intestinal
permeability (223, 224), the WKY rats also display gastric
alterations such as an impaired gastric accommodation and
a higher sensitivity to gastric distension (230). Interestingly,
O’Malley et al. have compared the WKY to Sprague Dawley in a
maternal separation paradigm and showed that the susceptibility
to gastrointestinal dysfunction in stressed Sprague Dawley is
comparable to what is found in non-stressed WKY (231).

The Flinders Sensitive Line (FSL) rat originates from selective
breeding from Sprague Dawley and has been selected for
their resistance to the choline esterase inhibitor, diisopropyl
fluorophosphate (232). Used first as a model of cholinergic-
adrenergic hypothesis depression (233), they are now more
generally used as a model of depression without comorbidity

of anxiety and with a female predominance (234). The effect
of the microbiota composition has been studied in those
rats showing that their microbiota composition is different
(235) and might represent a target to improve the depression
phenotype (236). However, only a few studies have investigated
the gastrointestinal features in those rats. Some characteristics
of functional dyspepsia including a delayed gastric emptying
but not an impairment of the gastric accommodation have been
described (214). Taking into consideration the link between
depression and FGID, a more detailed study of the GI features
in the FSL rats may bring some new insights for the link between
GI symptoms and depression in FGID.

INTERVENTIONAL MODELS OF FGID

During abdominal surgery, the opening of the skin and the
abdominal cavity triggers adrenergic reflexes involving a spinal
loop which temporarily blocks GI motility. Considered as an
iatrogenic disorder, postoperative ileus (POI) occurs in most
patients undergoing abdominal surgery and is characterized by
a transiently impaired GI motility. However, when recovery
of bowel function is delayed for more than 3-7 days, this
disorder is defined as an illness (237). Several rodent models
exist to induce POI: briefly, either the abdominal cavity is
opened and exposed to room temperature air for 3h (238) or
the intestinal tract is gently manipulated during 5-10 min (239).
In both cases, an impaired GI motility affecting the stomach,
small intestine, and colon, an intestinal inflammatory response,
and hyperpermeability have been reported. The inflammatory
response is associated with increased production of TNFa, IL1a,
and IL6 in the early stage, followed by an increase of myeloid
cell-derived cytokines, e.g., IL1p and CCL2. During this early
stage, the inhibitory reflex pathway is activated, inhibiting gut
motility. The transit time is delayed from 12h up to 1 week
after the surgery (240). At 24 h after the surgery, small intestine
and colonic transit were delayed and associated with increased
cytokine expression within the smooth muscle layer. The role of
mast cells in the POI is still controversial as some studies found
a mast cell-dependent mechanism in the POI-induced intestinal
hyperpermeability and bacterial translocation (241) while other
studies found no involvement of these cells by using another
type of mast cell knockout (KO) mice (242). While intestinal
permeability to bacteria is increased in this model, the TLR2/4
pathway does not seem to be involved (243). Although the role of
mast cells is still unsure, the infiltration of resident macrophages
through their expression of the alpha7 nicotinic acetylcholine
receptors plays a critical role (244). The early cytokines released
from the drop of temperature and dry stimulation due to
the opening of the abdominal cavity, are potent activators of
the macrophages. Furthermore, the afferent nerves activated
by the manipulation of the intestine may also activate the
resident macrophages and trigger an inflammatory response. In
this context, pharmacological or electrical stimulation of the
cholinergic anti-inflammatory pathway has been presented as an
attractive option to reduce POI (245). Moreover, stimulation of
the vagal nerve has been shown to reduce the severity of the POI
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in animal models (246). As mentioned before, the decrease of the
ambient temperature plays an important role in the inflammatory
response and also for the activation the thyrotropin-releasing
hormone (TRH) in the brain which stimulates gastric motility
and secretion for the activation of gastric myenteric cholinergic
neurons (247). Several hormones expressed both in the brain
and the GI tract are involved in the pathophysiology of
POI, including ghrelin, nesfastin-1, somatostatin, TRH, CRF
and calcitonin gene-related peptide (CGRP). In the POI
model, lower ghrelin concentrations were observed which—like
CRF and CGRP—leads to a delayed gastric emptying (248-
250). Pharmacological inhibition of somatostatin, a hormonal
modulator, in the POI model induced elevated ghrelin levels
(251). Centrally, POI activates brain nuclei (supraoptic nucleus,
locus coeruleus, paraventricular nucleus of the hypothalamus &
rostral raphe pallidus) expressing the nucleobindin2/nesfatin-1
complex which contribute to the decrease in food intake and
intestinal transit (252).

Manipulations of the central nervous system have also
been described as potential models of GI disorders associated
with anxiety-like symptoms. As described before, the limbic
system and especially the amygdala are strongly involved in
stress-induced colonic hypersensitivity associated with anxiety-
like symptoms and the manipulation of this brain region
is sufficient to induce colonic pain (253). Direct delivery
of corticosterone through a surgically implanted cannula
in the central nucleus of the amygdala (CeA) induces a
persistent colonic hypersensitivity, which is dependent on
CRH, mineralocorticoid and glucocorticoid receptors (169). The
activation with a specific agonist of one of those receptors in
the CeA, has the same effect on colonic sensitivity as stress
(254, 255). Furthermore, the infusion of corticosterone directly
into the amygdala leads to epigenetic modifications that enhance
the expression of those receptors in a long-term and transmissible
manner (256).

MISCELLANEOUS MODELS OF FGID

Genetic models of FGID include specific KO animals for several
receptors, ion channels, and cellular pathways. These models
have provided important knowledge of FGID pathophysiology.
Mostly used to better understand the pathophysiology of colonic
pain, they have demonstrated the importance of BDNF, guanylate
cyclase, serotonin transporters, and ion channels. The latter have
been extensively described in the literature to be involved in
the intestinal mechanoreception and inflammation (257, 258).
Therefore, all compounds capable of activation/inhibition of
those channels can trigger IBS-like symptoms and especially
colonic pain (169), the full description of which is beyond
the scope of the current review. Studies in mice deficient
for the protease-activated receptor 2 (PAR2) highlighted the
importance of this receptor in colonic sensitivity (259), and
immune response, notably against Trichinella spiralis (260).
Other key components of innate immunity, e.g., the TLRs, such
as TLR4, are expressed in the intestinal tract and the CNS (261).
The activation of TLR4 leads to the activation of inflammatory

cascade but also pain behavior through its expression in the spinal
cord. Furthermore, TLR4 has been found to be upregulated in the
GI tract of patients with IBS (262, 263). Studies in TLR4 KO mice
demonstrated a role of the central expression of TLR4 in visceral
hypersensitivity following maternal separation stress (264). More
generally, in the CRH-induced colonic hypersensitivity and
hyperpermeability, TLR4 is a pivotal factor for CRH-mediated
modulation of the immune system (159).

Several studies have demonstrated a cross-sensitization
between different abdominal organs. In the spinal cord and
the brain, the convergence of the sensory neuronal pathways
of the different organs is one of the mechanisms underlying
this sensory visceral crosstalk (265). Furthermore, within the
abdominal cavity, all organs are linked to each other through
physical contact and blood circulation. The best-documented
model of cross-sensitization is the interaction between the
bladder and the colon, in which inflammation in one of the two
will affect the other partner as well. Similar to FGID, bladder
pain syndrome and bladder hyperactivity syndrome has a female
predominance and is often associated with IBS (266). Animal
models of bladder irritation, e.g., triggered by protamine sulfate,
display an increased colonic hypersensitivity and permeability
(267, 268).

NON-RODENT MODELS

Although most of the research focuses on rodent models,
some other species have been used to investigate the FGID
pathophysiology. The guinea pig is a good model to study
intestinal motility and the enteric nervous system. The models
used are similar to what we previously described in rodents,
with the use of stress models such as water avoidance and CRH
injection (269, 270). As a model of altered GI transit, several
chemical approaches have been used in guinea pigs such as the
gavage with mustard oil and serotonin or the injection of TRH.
Mustard oil, given orally, induces elongation of the transit time
in the upper GI (esophagus) and a decreased transit time in the
lower GI part (colon) (271). Ricinoleic acid-induced defecation
in the guinea pig is suppressed by a specific tachykinin receptor
NK2 antagonist (272).

In rabbits, intracolonic infusion of Zymosan leads to colonic
hypersensitivity (272) which is reduced by a tachykinin NK2
receptor antagonist.

Pigs have a comparable GI system to humans, with an
equivalent size, anatomy, development and diet preference,
which are evidently very different in rodents (273). Also, the
enteric nervous system phenotype is comparable to the human
counterpart with more complex inter-neuronal connections and
plexi compared to rodents (274). It has been shown that pigs
have a more highly developed CNS with a complex behavior
response to psychosocial stimuli (275) and therefore are more
suitable as a model for the response of the GI tract to early
life stress in humans. In pigs, the weaning itself is considered
a very stressful event (both psychological and physical) which
promotes an intestinal barrier defect (276). In a model of early
weaning, the piglets are separated from their sow 1 week earlier
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TABLE 2 | Strengths and limitations for common models of Functional GI disorders.

Model

Strengths

Limitations

Part of the Gl tract
studied

Pre-natal stress

Maternal separation

Limited bedding

Odor shock
conditioning

Water avoidance

Partial restraint stress
Crowding stress

Social isolation
Combined stress

Post-inflammatory

Post-infectious

Food allergy

Spontaneous models

Postoperative lleus

Manipulation central
nervous system

Genetic model

Cross sensitization

Allows to study epigenetic changes

Reproduces maternal neglect and
mistreatment of FGID patients

Non-interventional model, avoids experimenter
influence

Specifically mimics alterations in learning and
fear conditioning

Strong acute models reproducing a strong
stressor and mimicking resilience in an
uncomfortable situation

Models capture the social component in
stress-induced FGID

Good model to reproduce anetiology
commonly found in human

Reproduces low-grade inflammation often
found in FGID e.g., after infection or in IBD in
remission

Model for post-infectious FGID which allow a
detailed study of dysbiosis involved in FGID

Murine immune response in case of loss of oral
tolerance closely resembles the human
counterpart

Non-interventional models, good face and
construct validity

Good construct validity. Allows to study of the
mechanisms of interventional surgery as a
trigger of intestinal alterations

Suitable for mechanistic studies of the
involvement of the central nervous system

Ideal models to study a specific genetic target
and its role in FGID

Understanding of the overlap in neuronal
pathways which is common in human FGID

Individual variation among animals, around 80
to 95% of animals are sensitized by the stress
applied

Limited construct validity: physical constraint is
not a factor commonly encountered in the
etiology of FGID in patients

Social organization, and individual reactions to
stress are obviously less standardized and
more complicated in humans

Because of the more complex interaction of
stressors and depending on the protocol used,
results tend to be more difficult to reproduce

Limited construct validity: interventional models
using irritants/chemicals

Different infectious agents compared to
humans; most models have used parasitic
infections which is uncommon in human FGID
The nutritional pattern differs between rodents
and humans; evidence for immune reaction to
food is still limited in human FGID

Sensitivity to environmental factors (food,
stressors...) which makes these model more
difficult to reproduce

Intervention is highly operator and experimental
condition dependent

Limited construct validity: far from human
etiology

Compensation phenomena; human FGID is not
monogenetic

Interventional models using irritants

Small bowel and colon

Colon

Colon

colon

Stomach
lleum (more affected)
colon

Stomach and colon

Small intestine and colon

Colon
Colon

Local effect depending on
the targeted organ: mainly
Stomach and colon
Depending on the infection,
small bowel or colon

Colon

Stomach, small bowel,
colon

Small bowel

Mainly colon

If KO: all levels of the Gl
tract

If conditional KO: organ
targeted

Depending on the organs
targeted (mainly bladder
and colon)

KO, knockout; FGID, functional gastrointestinal disorders; IBD, inflammatory bowel disease.

than usual. In this model, adult pigs display a defect in the small
intestinal and colon mucosal barrier function with an elevated
electrogenic transport activity, chronic diarrhea associated with
an enhanced mast cell activation and an upregulation of the
enteric cholinergic population (277, 278) Pretreatment of the
stressed animals with a CRH antagonist abolished the stress-
induced elevated secretory activity and increased intestinal
permeability in jejunum and colon (279). Ex-vivo experiments
demonstrated that CRH increased permeability via a TNF-a
dependent mechanism (280). Similar to rodent models and

humans, female pigs are more affected than males by this stress
paradigm (276). Despite the differences listed above, pig and
rodent models reach the same conclusions on the effect of stress
on the GI tract, confirming the critical and harmful effect of early
life stress across species.

SUMMARY AND CONCLUSION

Functional gastrointestinal ~disorders are complex and
multifactorial disorders involving a complex interaction between
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biological, psychological and social variables that none of the
current animal models can reproduce perfectly. The strengths
and limitations of the varied models are listed in Table 2. The
main limitation of those models remains the societal component
of the FGID pathophysiology that is extremely difficult to
reproduce in animals. Nevertheless, animal models have brought
pivotal insights into the pathophysiology of FGID, including
the complex interaction between the gut and the central
nervous system, and represent essentials tools for identifying
novel therapeutic targets and testing of new generations of
pharmaceutical and non-pharmaceutical therapies. Over the
years, the improved understanding of the FGID pathophysiology
has stimulated the conception of new animal models, which
are now more complex and include a combination of causes
triggering FGID features, which more closely resembles the
human condition. However, with the development of those
new multidimensional models using a multitude of slightly
different protocols—sometimes not explained in detail in the
literature—comes a lack of reproducibility hampering further
progression. Several guidelines have been created to address this
problem and to enhance scientific rigor (281, 282).

Most of the published studies still suffer from two limitations
which weaken their translational relevance. First, most of the
available studies focus on the lower GI tract (Table 2), while
increasing evidence points out the overlap between the different
FGIDs. Many of the models described above are characterized as
IBS models but might also be suitable as FD models if alterations
in the upper GI tract would be investigated. The second
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Several studies have implied a role of brain-derived neurotrophic factor (BDNF) in
abdominal pain modulation in irritable bowel syndrome (IBS). The aim of this study was
to establish BDNF protein expression in human colonic biopsies and to show variation
in IBS compared to controls. BDNF protein and mRNA levels were correlated with IBS
symptom severity based on the IBS-symptom severity score (IBS-SSS). Biopsies from
the descending colon and IBS-SSS were obtained from 10 controls and 20 IBS patients.
Total protein of biopsies was extracted and assessed by ELISA and Western Blot. Total
mRNA was extracted and gene expression measured by nCounter analysis. In IBS
patients, symptom severity scores ranged from 124 to 486 (mean 4+ sem: 314.2 4+ 21.2,
>300 represents severe IBS) while controls ranged from O to 72 (mean + sem: 27.7 +
9.0, <75 represents healthy subjects, p < 0.001). IBS patients reported significantly more
food malabsorption, former abdominal surgery and psychiatric comorbidities. BDNF
protein was present in all samples and did not differ between IBS and controls or sex.
Subgroup analysis showed that female IBS patients expressed significantly more BDNF
mRBNA compared to male patients (o < 0.05) and male IBS-D patients had higher
IBS symptom severity scores and lower BDNF mRNA and protein levels compared
to male controls (p < 0.05). Scatter plot showed a significant negative correlation
between IBS-SSS and BDNF mRNA levels in the cohort of male IBS-D patients and
their male controls (p < 0.05). We detected a high proportion of gastrointestinal surgery
in IBS patients and confirmed food intolerances and psychiatric diseases as common
comorbidities. Although in a small sample, we demonstrated that BDNF is detectable
in human descending colon, with higher BDNF mRNA levels in female IBS patients
compared to males and lower mRNA and protein levels in male IBS-D patients compared
to male controls. Further research should be directed toward subgroups of IBS since their
etiologies might be different.

Keywords: comorbidities, colonic biopsy, hypersensitivity, IBS subgroup, symptom severity
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INTRODUCTION

Irritable bowel syndrome (IBS) is a debilitating (but not life-
threatening) disorder of brain-gut interaction characterized by
abdominal pain and dysfunctional bowel habits based on the
Rome IV criteria as the latest worldwide standard for the
diagnosis of IBS (1).

The pathophysiology of IBS is based on a multifactorial and
bidirectional dysfunction of the brain-gut-axis including genetics
and epigenetics, visceral hypersensitivity, changes in the synthesis
and release of neuropeptides and proinflammatory cytokines
and altered gastrointestinal motility as well as psychosomatic
predisposition (2).

The brain-derived neurotrophic factor (BDNF) belongs to the
family of nerve growth factors (NGF). Through interaction with
the tyrosine receptor kinase B (TrkB) (3) BDNF promotes the
survival and differentiation of brain neurons, and participates
in the modification of neurotransmission and synaptic plasticity
of the central and peripheral nervous systems (4). Dysfunctions
in epigenetic control, transport or signal cascades of BDNF
were discussed on an emergence of various neurological and
psychiatric diseases (5). There is also ample evidence of
an important role played by BDNF in visceral pain and
hypersensitivity conditions (6-11).

Studies in the murine colon showed that BDNF mRNA
was expressed in epithelial cells and neurons of the myenteric
plexus, and that BDNF levels in the colon were higher than
in the brain (12, 13). Similar studies in rats showed that
BDNF can be isolated in the distal colonic mucosa. In humans,
BDNF has so far been established in the gastric corpus (14),
dorsal root ganglia (15, 16), in enteric ganglion cells (17)
and in blood (18). Four studies confirmed the presence of
BDNF protein in human colonic mucosa of the rectosigmoid
junction (11, 19-21).

There is growing evidence of the effects of BDNF on intestinal
activity (6-9, 20, 22). Studies in human subjects showed that
treatment with recombinant BDNF for several diseases was
accompanied by changes in bowel activity. Patients reported a
dose-dependent increase in stool frequency and changes in stool
consistency, the related mechanism being unclear. In another
study, administration of recombinant BDNF in healthy subjects
showed an increase in total as well as proximal colonic transit
time (23).

Four studies have specifically examined the involvement of
BDNF in IBS and its correlation with symptom severity (11,
19-21). Recently, hypermethylated BDNF gene, an epigenetic
modification, was described in human monocytes and sigmoid
colon of IBS patients and was associated with early life stress
and psychiatric as well as somatic symptoms (24). However,
Videlock et al. performed gene microarray analysis in sigmoid
biopsies of subtype-balanced IBS patients and found a multitude
of differentially expressed genes, but not BDNE and only in
IBS-C vs. controls (25).

The aim of this study is to demonstrate that BDNF mRNA
and protein are detectable in human colonic biopsies and to
determine if these correlate with symptom predominance and
severity in IBS.

MATERIALS AND METHODS

Study Location

The study was performed with patients with IBS and healthy
control subjects at the Institute for Neurogastroenterology
at Martin Luther Hospital, a teaching hospital of Charité-
Universitdtsmedizin in Berlin, Germany between 2011 and 2014.
Molecular analysis was carried out at the research institution
Charité-Universitidtsmedizin Berlin, Campus Virchow Klinikum
and Department of Human Molecular Genetics at University
of Heidelberg.

Ethics Commission and Patient Selection
All experimental protocols for the human study were approved
by the Clinical Ethical Committee of Charité Universitdtsmedizin
Berlin (ethical approval number EA1/108/11). All study subjects
gave their informed written consent prior to enrollment.
All methods used in the human study were carried out in
accordance with the approved guidelines and according to
standard procedures.

Healthy controls: Healthy subjects were recruited within
the framework of preventive colonoscopy for colorectal cancer
screening. They had no history of IBS.

IBS patients were newly diagnosed and subclassified according
to the ROME III criteria on the basis of the predominant
symptom and stool pattern (26). In addition, each subject was
screened for organic diseases by medical history taking, physical
examination, detailed blood and stool analysis and endoscopy.

Participants were age-matched but not gender-matched. A
total of 30 participants were eligible to participate in the study.

Inclusion and Exclusion Criteria

The following inclusion criteria applied to all study participants:
age between 18 and 65 years; body mass index (BMI) between 20
and 25 kg/m?; good general condition.

The following criteria led to exclusion of study participants:
unstable body weight (weight fluctuation of more than 3kg
within the last month, or weight fluctuation of more than 10kg
in the last 6 months prior to the study); alcohol consumption
(>1 alcoholic drink per day); irregular nicotine consumption;
pregnancy; use of psychotropic drugs within the last 3 months
before the examination; inflammatory bowel disease (IBD);
celiac disease; history of malignant tumors and abnormal
laboratory values. Laboratory work-up in all study participants
included infection parameters with CRP and blood count, INR,
electrolytes including sodium and potassium, liver enzymes,
kidney function and thyroid hormone TSH. Normal range was
based on in-house laboratory standards. Except for sodium, a
deviation of >10% (lower or higher) was considered abnormal.
For sodium only a deviation of 5% was tolerated. Subjects that
displayed parameters outside the normal range were advised to
see their general practitioner and could interview again.

Endoscopy and Material Extraction

For every study subject a complete ileocolonoscopy (CF
series, Olympus, Japan) was performed by an experienced
gastroenterologist including stepwise biopsies from all sections
of the ileocolon for routine histology to rule out pathologies.
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During withdrawal of the endoscope, five biopsy specimens were
removed from the descending colon of each study participant,
~40 to 50cm above the anocutaneous line. Four colonic
biopsy specimens were placed on dry ice and then stored at
—80°C, while one biopsy specimen was fixed in formaldehyde at
room temperature.

Questionnaire - IBS Symptom Severity
Score (IBS-SSS)

All subjects were asked to answer part 1 of the IBS symptom
severity score (IBS-SSS) (27). The questionnaire is meant to
register complaint levels related to gastrointestinal symptoms in
the form of four questions: (1) Do you suffer from abdominal
pain? (2) Do you currently suffer from abdominal distention? (3)
How satisfied are you with your bowel habits? (4) Please indicate
on the line (visual analog scale) below how much your IBS is
affecting or interfering with your life in general? A total of 500
points can be reached. A score of up to 75 points is considered
as control, 75-175 points as mild IBS, 175-300 as moderate IBS,
and more than 300 as severe IBS.

RNA Isolation and Quality Assessment

Total RNA was isolated from IBS and control samples. After
disruption in TRIzol, the resulting aqueous phase was cleaned-
up by the RNAqueous-Micro Total RNA isolation kit (AM1931,
Thermo Fisher Scientific) according to the manufacturer’s
instructions. Quantity and quality of RNA were assessed by
Agilent 2100 Bioanalyzer (Agilent Technologies, Waldbronn,
Germany) taking into account the RNA integrity number (RIN)
value with a cut off of RIN below 5. Samples were stored at —80°C
until expression analysis.

nCounter Analysis

Expression analysis was performed from 100 ng total RNA
using the nCounter system Gene 1 (NanoString Technologies,
Seattle, USA). A customized codeset comprising 48 target genes
including BDNF and 7 reference genes was hybridized as
recommended by the manufacturer. Background correction and
normalization of data was performed using the NanoString
software nSolver 3.0 (NanoString Technologies). Stably expressed
reference genes were chosen for normalization based on the
geNorm method, a popular algorithm to determine the most
stable reference genes from a set of tested candidate reference
genes in a given sample panel. This algorithm calculates a gene
expression normalization factor for each sample based on the
geometric mean of a user-defined number of reference genes.
The underlying principles and formulas are described in (28).
Following this, the selected reference genes were GAPDH, RPS17,
TBP and UBC.

Gel Electrophoresis and Western Blot

Analysis

Ten milliliters of phosphate buffer saline solution (PBS) without
calcium and magnesium (PAA Laboratories, Pasching, Austria)
was first mixed with half a tablet of proteinase inhibitor cocktail
(cOmplete™, Mini, 11836170001, EDTA-free Protease Inhibitor
Cocktail, Roche, Mannheim, Germany) and processed in a vortex

for 3s. The finished mixture was distributed in an amount of 400
1 each among lysing matrix tubes (D Matrix, 116913050-CE, MP
Biomedicals, California, USA) and placed on ice.

The colonic biopsy specimens stored in the freezer at —80°C
were weighed (two biopsies per control subject/patient) with
a precision balance (Sartorius, Gottingen, Germany) and then
transferred to the prepared matrix tubes, homogenized two times
each at 4 m/s for 20s using a homogenizer (MP Biomedicals,
California, USA) and placed on ice for 3 min.

This was followed by centrifugation of the samples at 10
x 1,000 rpm (Eppendorf, Hamburg, Germany) in a cooling
chamber at —4°C for 10 min to remove cell debris and nuclei,
and subsequent pipetting of the supernatant from the matrix
tubes. Final protein concentrations were determined using a BCA
protein assay according to the manufacturer’s protocol (23225,
Pierce Biotechnology, Rockford, IL, USA).

For subsequent sodium dodecyl sulfate - polyacrylamide gel
electrophoresis (SDS-PAGE) protein samples were mixed with
a gel sample buffer comprising 4% sodium dodecyl sulfate
(SDS), 0.05% bromophenol blue solution (w/v), 20% glycerol, 1%
mercaptoethanol (v/v) in 0.1 tris(hydroxymethyl)aminomethane
(TRIS). The gel samples were immersed for 1 min at 100°C in
boiling water, and applied on a 4-12% SDS polyacrylamide gel
(Bis-Tris Minigel, NP0321BOX, NuPage; Invitrogen, Carlsbad,
CA, USA) with 30 ul of protein per lane. The first lane was filled
with 10 pl of a marker (SeeBlue, LC5625, Invitrogen, Carlsbad,
CA, USA). A 2-(N-morpholino) ethanesulfonic acid buffer was
used as a running buffer. The SDS-PAGE ran for 2h at 120V,
300 W, and 350 mA.

After SDS-PAGE, a wet transfer of proteins was carried out by
electrophoresis on a nitrocellulose membrane for 1.5h at room
temperature in a TRIS base methanol transfer buffer at pH 8.1-
8.4. The membranes were then washed in glass containers using
distilled water.

Subsequently, the membranes were stained with Ponceau S
staining solution (0.1% Ponceau S and 5% ice acetic acid) to
confirm protein transfer. For antibody staining, the membranes
were washed twice with TRIS-Tween buffered saline solution
(10mM TRIS, 150 mM NaCl, 0.05% Tween, v/v). This was
followed by incubation of the membranes in fat-free milk
(Carnation instant skim milk powder, Nestlé, Glendale, CA,
USA) for 30 min at room temperature. After removal of the milk,
the membranes were washed additionally three times for 5min
each with 15 ml of TRIS-Tween buffered saline solution.

Polyclonal anti-BDNF antibody (ab 72439, Abcam,
Cambridge, UK) or a polyclonal antibody against the
housekeeping protein p-actin (Ab #4967, Cell Signaling
Technology Inc., Danvers, MA, USA) were used in a dilution
of 1:5,000 and 1:1,000, respectively, by means of TRIS-Tween
buffered saline solution. Incubation took place for 60 min at
room temperature on a shaker. This step was followed by a 4-fold
washing process with TRIS-Tween buffered saline solution
until the secondary antibody was used (alkaline phosphatase
conjugated anti-rabbit IgG, S373B 30687401, dilution 1:2,000,
Promega, Madison, WI, USA). This was followed by further
washing with TRIS-Tween buffered saline solution and
subsequent color development in an alkaline phosphatase buffer
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(100 mM TRIS, 100 mM sodium chloride and 5 mM magnesium
chloride, pH 9.5) according to the manufacturer’s protocol. For
initiation of the 5-min color reaction in the dark, 5ml of the
alkaline phosphatase buffer were added to each membrane, and
the two substances nitro-blue tetrazolium (NBT, 0.3%, N6495,
Thermo Scientific, Rockford, IL, USA) and 5-bromo-4-chloro-
3-indoxyl phosphate (BCIP, 0.15%, 34040, Thermo Scientific,
Rockford, IL, USA) were added.

ELISA

For quantitative determination of the concentration of BDNF
protein in colonic biopsies, a commercial BDNF Human ELISA
(enzyme-linked immunosorbent assay) Kit (ab99978, Abcam,
Cambridge, MA, USA) was used that was based on mouse
monoclonal IgG2A antibodies.

The minimum detectable amount of BDNF was 80 pg/ml.
Each sample was analyzed in duplicate. The ELISA was run
according to the manufacturer’s protocol.

Statistics
Since this was a pilot study, no power analysis was included.

Data are presented as mean =+ sem; alternatively, data are
indicated as total number and percentage values. Normality
was assessed using the Kolmogorow-Smirnov test. Differences
were assessed using x 2-tests, ¢-tests or the Mann-Whitney-U test
depending on the distribution of the data.

Molecular data are presented as mean =+ sem. Normality was
assessed using the Kolmogorow-Smirnov test. Differences were
assessed using ¢-tests or the Mann-Whitney-U test depending on
the distribution of the data.

For statistical analysis of nCounter data two-tailed Mann-
Whitney U test was used with GraphPad Prism 5.0 (Graph Pad
Software, La Jolla, CA, USA). Data are summarized by mean
+ standard deviation (SD) or median (range), unless otherwise
stated. P-values < 0.05 were considered significant.

RESULTS
Study Population

Characteristics of the study population are outlined in Table 1.
The IBS group comprised 20 patients (14 female, six male) while
10 healthy subjects participated (two female, eight male). The
mean age in the IBS and control group was 55.6 and 49.5 years,
respectively. No significant differences were noted in ethnicity
(most subjects were Caucasian) and in socioeconomic status with
most subjects having a university entrance diploma. It is to note
that in the IBS group more incomplete data sets were obtained
with regards to partnership, children, level of education and
employment status.

Comparing comorbidities, 89% of subjects in the IBS group
were suffering from an intestinal malabsorption compared to 0%
in the control group (p < 0.001) with fructose malabsorption
and lactose intolerance being most prevalent. Somatoform and
psychiatric disorders which have been associated with IBS (29)
were of a wide spectrum and could be found in 42% (p = 0.048)
of subjects in the IBS group compared to 0% in the control group.

Diagnosis of gastritis and peptic ulcer disease (Table 1) was
based on patient charts and history. Two controls reported

nonspecific chronic gastritis. Of IBS patients, 2 had a history
of Helicobacter pylori (H.pylori) positive antrum or corpus
gastritis, respectively, while two had H. pylori negative antrum
gastritis and one had a history of healing duodenal ulcer.
Of those five patients, only one (H. pylori negative antrum
gastritis) was on proton pump inhibitor medication at the time
of study. Neither patients nor controls underwent diagnostics for
functional dyspepsia.

There was also a significantly higher amount of prior
abdominal surgeries noted in the IBS group (42 vs. 0% in control
group, p = 0.048). Hysterectomy and cholecystectomy were the
most frequent surgeries in the IBS group with 26 and 21%,
respectively. Three women had undergone oophorectomies but
were past menopause and not taking any hormonal supplements.

Overall, IBS patients tended to take more medications than
control subjects (p = 0.191).

BDNF Is Detectable in Human Descending
Colonic Tissue With Similar Levels in IBS
Patients and Healthy Controls

Western blot analysis of human colonic biopsies containing
mucosa and submucosa of the descending colon stained
with anti-BDNF antibody indicated multiple prominent bands
(Figure 1). The presence of different molecular weight forms
of BDNF has been reported in prior studies using cultured
neuronal and non-neuronal cells (30, 31) and represents
differently glycosylated and glycosulfated forms of mature BDNF
and proBDNF (32). BDNF was further successfully quantified
using ELISA confirming the above Western Blot findings
(Figures 2B,E, Supplementary Figures 1B,E) and by nCounter
analysis (Figure 2C). No notable differences in BDNF protein
and BDNF mRNA expression between healthy controls and IBS
patients were detected.

Characterization of IBS in Patient

Population

In the IBS group, 14 subjects met criteria for diarrhea-
predominant IBS (IBS-D), 2 for constipation-predominant IBS
(IBS-C), 3 for IBS with mixed bowel habits (IBS-M) and 1 for
unsubtyped IBS. Mean duration of disease in the IBS group was
6.1 £ 1.5 (1-22) years.

Mean symptom severity was significantly higher in the IBS
group as compared to controls (314.2 &+ 20.7 vs. 27.7 &+ 8.5, p
< 0.001, Figure 2A, Supplementary Figure 1A). No differences
in symptom severity were noted in men and women both within
the IBS group and the control group (Table 2).

Based on the IBS-SSS, most subjects in the IBS group were
classified as either having severity grade 2 (40%) or severity grade
3 (50%).

Women With IBS Show Higher BDNF

Levels Than Men With IBS
Female IBS patients had significantly more BDNF mRNA
expression compared to male IBS patients (13.2 £ 3.6 vs. 4.7 £
1.1, p < 0.05).

BDNF protein tissue levels in women with IBS compared to
men with IBS were not significantly different (2.0 = 0.3 ng/mg vs.
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TABLE 1 | Demographic and socioeconomic characteristics, comorbidities, and medication of study patients.
Parameter Group
Control (n =10,9=2,5 =8) IBS (n =20, ¢ =14, 5 = 6) p
Demographic characteristics
Age (years) 55.6 + 3.0 (38-65) 49.5 + 3.8 (20-74) 0.301
Ethnicity
Caucasian 10 (100%) 19 (95%) 0.719
Mediterranean 0 (0%) 1(5%)
Socioeconomic characteristics
Living in a partnership (yes/no) 6/4 10/5 (5 missing data) 0.932
Children (yes/no) 5/5 11/4 (5 missing data) 0.444
Level of Education 5 missing data 0.870
- University entrance diploma 6 (60%) 9 (60%)
- Secondary education certificate 2 (20%) 2 (13%)
- Basic school qualification 2 (20%) 4 (27%)
- Without school-leaving qualification 0 (0%) 0 (0%)
Currently employed (yes/no) 5/5 8/7 (5 missing data) 0.806
Comorbidities
Gastrointestinal 6 (60%) 13 (68%, 1 missing data) 0.996
- Reflux esophagitis 2 (20%) 2 (11%)
- Diaphragmatic hernia 0 (0%) 1(5%)
- Gastritis 2 (20%) 4 (21%)
- Duodenal ulcer 0 (0%) 1(5%)
- Diverticular disease 2 (20%) 3 (16%)
- Hamorrhoids 0 (0%) 2 (11%)
Malabsorption 0 (0%) 17 (89%, 1 missing data) <0.001
- Fructose malabsorption 0 (0%) 10 (53%)
- Lactose intolerance 0 (0%) 4 (21%)
- Histamine intolerance 0 (0%) 1(6%)
- Bile acid malabsorption 0 (0%) 1 (5%)
- Vitamin B12 deficiency 0 (0%) 1(6%)
IBS-associated 0 (0%) 8 (42%, 1 missing data) 0.048
Abdominal pain syndrome 0 (0%) 1 (5%)
Somatoform disorder 0 (0%) 1 (5%)
Anxiety disorder 0 (0%) 1(5%)
Dysthymia 0 (0%) 1(6%)
Insomnia 0 (0%) 1 (5%)
Migraine 0 (0%) 1(6%)
Chronic pain syndrome 0 (0%) 1(6%)
Fibromyalgia 0 (0%) 1(6%)
Metabolic 3 (30%) 12 (63%, 1 missing data) 0.191
- Hyperuricemia 1 (10%) 0 (0%)
- Diabetes mellitus Type 2 0 (0%) 1(5%)
- Fatty liver disease 0 (0%) 3 (16%)
- Hypothyroidism 0 (0%) 3 (16%)
- Hyperlipoproteinemia 1 (10%) 2 (11%)
- Nephrolithiasis 1(10%) 1(6%)
- Cholecystolithiasis 0 (0%) 1 (5%)
- Pancreas divisum 0 (0%) 1(5%)
Cardiovascular 3 (30%) 6 (32%, 1 missing data) 0.738
- Arterial hypertension 2 (20%) 3 (16%)
- Arteriosclerosis 0 (0%) 1(5%)
- Past stroke 0 (0%) 1(6%)
- Past embolism 1(10%) 1(6%)
(Continued)

Frontiers in Psychiatry | www.frontiersin.org

214

January 2021 | Volume 11 | Article 531385


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Konturek et al.

BDNF in IBS

TABLE 1 | Continued

Parameter Group
Control (n =10,9=2,5 =8) IBS (n =20, ¢ =14, & = 6) P
Other 3 (80%) 7 (87%, 1 missing data) 0.966
- Gynecological disorder 0 (0%) 2 (11%)
- Benign prostate hyperplasia 2 (20%) 0 (0%)
- Degenerative orthopedic condition (e.g., arthrosis, disc etc.) 1 (10%) 5 (26%)
Former surgery 0 (0%) 8 (42%, 1 missing data) 0.048
- Cholecystectomy 0 (0%) 4 (21%)
- Appendectomy 0 (0%) 3 (16%)
- Bowel surgery 0 (0%) 2 (11%)
- Hernioplastic 0 (0%) 1 (6%)
- Hysterectomy 0 (0%) 5 (26%)
- Ovarectomy 0 (0%) 3 (16%)
- Tonsillectomy 0 (0%) 1(5%)
Medication
Medication use 3 (30%) 12 (63%, 1 missing data) 0.191
- Proton pump inhibitors 2 (20%) 2 (11%)
- Antihypertensives 1 (10%) 4 (21%)
- Vitamin B12 0 (0%) 1(5%)
- Thyroid supplementation 0 (0%) 3 (16%)
- Gynecological hormone substitution 0 (0%) 1(6%)
- Statins 0 (0%) 2 (11%)
- Antidiabetics 0 (0%) 1(5%)
- Sleep aids 0 (0%) 1(5%)
- Selective serotonine reuptake inhibitors 0 (0%) 1 (6%)
- Tricyclic antidepressants 0 (0%) 2 (11%)
- Neuroleptics 0 (0%) 1 (5%)
- Budenoside 0 (0%) 1 (5%)
- Mesalazine 0 (0%) 1 (5%)
- Prostate medication 1(10%) 0 (0%)
- Laxatives 0 (0%) 1 (5%)
- Antispasmodics 0 (0%) 1 (5%)
- Antidiarrheals 0 (0%) 1(5%)

Data are presented as mean + sem, the range is indicated in parentheses; alternatively, data are indicated as total number and percentage values in parentheses. Normality was
assessed using the Kolmogorow-Smirnov test. Differences were assessed using x2-tests, t-tests or the Mann-Whitney-U test depending on the distribution of the data. Significant

differences are displayed in bold. IBS, irritable bowel syndrome.

1.2 £ 0.2; p = 0.076) when analyzed with ELISA (Table 3). Due
to limited group size no comparison of female and male controls
was performed.

Men With IBS-D Have Lower BDNF Levels

Than Male Controls

Comparing the whole IBS-D group to controls, BDNF protein
(1.5 £ 0.2 ng/mg vs. 1.74 £ 0.3; p = 0.500) or mRNA (7.0 £
1.0 ng/ml vs. 1.74 & 0.3; p = 0.07) levels were not different. IBS-
SSS was significantly higher with 297.4 £ 21.0 points vs. 27.7 &
9.0 (mean =+ SEM; p < 0.0001).

Further dividing the IBS-D subgroup into male and female,
five male IBS-D patients were compared to eight male controls.
Here, the IBS-SSS was significantly higher in male IBS-D
compared to male controls (346.6 £+ 45.0 vs. 29.3 £+ 10.1, p
< 0.001). BDNF protein (1.0 & 0.2 ng/mg vs. 1.5 £ 0.1, p <

0.05) and mRNA levels (5.3 + 1.1 vs. 10.2 + 1.2, p < 0.05)
were significantly lower compared to controls (Figures 2D-F,
Supplementary Table 1, Supplementary Figures 1D-F).

The female IBS-D subgroup was comprised of eight
individuals compared to two female controls. Data are shown
for completion in Supplementary Tablel but were not
statistically analyzed.

BDNF Levels Do Not Differ in IBS Patients

With Fructose Malabsorption

Except one, all patients with fructose malabsorption had IBS-
D with a sex ratio of seven female and three male. Mean
symptom severity was significantly higher in the IBS +
fructose malabsorption group compared to IBS without fructose
malabsorption (312.1 £ 28.6 vs. 3162 £+ 314, p = 0.575).
In IBS with fructose malabsorption, BDNF protein levels (1.7
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FIGURE 1| Western blot for BDNF (1:5,000) in IBS patients and control
subjects. Lane 1 contains the molecular weight standards. Lane 2 contains
colonic wall protein obtained by deep tissue biopsy from mucosa/submucosa
in patients with IBS (14 female and six male, pooled sample) and lane 3
colonic wall protein from control subjects (two female and eight male, pooled
sample, A). Same blot after washout of ponceau staining solution and
application of primary anti-BDNF antibody (1:5,000) and secondary antibody
goat anti-rabbit AP (1:2,000). Lane 1 contains molecular standards highlighted
with pen. Lane 2 and 3 show detection of multiple bands with similar intensity
for patients with IBS and healthy controls, respectively. For BDNF (UniProt
P23560) multiple Western Blot bands are possible and expected. The
strongest band was found between 49 and 62 kDa most likely representing
glycosylated prepro-/pro BDNF dimer. Weaker bands were detected at ~ 45,
38, and ~ 30 kDa likely related to prepro-/pro BDNF (B).

£ 0.3 ng/mg vs. 1.8 £ 0.3; p = 0.904) and BDNF mRNA
levels (10.8 £ 2.8 vs. 10.2 £+ 4.4, p = 0.918) did not differ
from IBS without fructose malabsorption. Data are shown in
Supplementary Table 2.

Correlation of IBS-SSS and BDNF Levels

There was no significant correlation between BDNF protein or
mRNA levels and the severity of IBS symptoms in the study
cohort (r = —0.097, p = 0.611 and r = —0.123, p = 0.526,
respectively, Figures 3A,B).

In male IBS-D patients (n = 5) and their male controls (n
= 8), BDNF protein did not significantly correlate (p = 0.156)
but mRNA levels showed a significant negative correlation (p =
0.023) with IBS symptom score (Figures 3C,D).

DISCUSSION

Over a century ago Sir William Osler introduced the term
mucous colitis and described a disorder of mucorrhea and
abdominal colic with a high incidence in patients presenting
with psychopathology (33). Over the decades, IBS has been

diagnosed by means of exclusion and at the present time it
still remains a diagnostic challenge. The pathophysiology of this
disorder remains unclear and may be different depending on
the subtype. Nonetheless, a disturbed physiological interplay
between colon motility, hormones and transmitters, visceral
hyperalgesia and psychopathology results in this heterogeneous
symptom complex (2).

BDNF is suspected to be involved in the regulation of colonic
motility as well as in the control of visceral hyperalgesia (6-10,
23). The aim of our study was to detect and quantify BDNF levels
in human biopsies from the descending colon in patients with
IBS and healthy controls and correlate them with IBS symptoms
and severity.

We were able to demonstrate that BDNF is present in human
descending colon biopsies obtained by endoscopy. Similar
observations, however in biopsies from the rectosigmoid, were
made by Yu et al. (19), Wang et al. (20) (affiliated groups)
and Zhang et al. (21). Only Wang et al. performed Western
Blot in human rectosigmoid biopsies for BDNF showing a cut-
out band between 20 and 30 kDa (20). Our Western Blot
analysis revealed multiple molecular weight forms of BDNF.
Interestingly, the strongest band was found between 49 and 62
kDa with weaker bands at 45, 38, and 30 kDa. The presence of
different molecular weight forms of BDNF has been reported
in prior studies using cultured neuronal and non-neuronal
cells (30, 31). It has been suggested that the variety of bands
is due to differently glycosylated and glycosulfated forms of
proBDNF and mature BDNF (32). Analysis of adult rat spinal
cord revealed that BDNF knockout mice showed a positive
band at 55 kDa when stained with BDNF antibody suggestive
of a non-specific finding (34). It can be speculated whether
the presence of the strongest band between 49 and 62 kDa is
also a non-specific finding and that the 45, 38, and 30 kDa
bands represent real BDNF protein. Given that the mature form
of BDNF monomer is usually found at 14 kDa as suggested
by the manufacturer (ab 72439, Abcam, Cambridge, UK), we
believe that our western blot findings represent the proBDNF
form which is usually found at around 34 kDa likely depending
on the degree of glycosylation/glycosulfation. ProBDNF is of
importance for proper dimerization, folding as well as targeting
of mature BDNE however, it has been found that this form also
elicits its own distinct effects opposing those of mature BDNF
(35). It has been shown that proBDNF induces cellular apoptosis
(36), whereas the mature form promotes neuroplasticity and cell
differentiation (37). On the cellular level, after binding to the
TrkB receptor, mature BDNF results in recruitment of proteins
that activate three distinct signaling pathways: Ras/MAPK-
ERK pathway, PI3-K pathway and PLC pathway (38). So far
Fu et al. could demonstrate in a rodent model with bowel
obstruction that peripheral up-regulation of BDNF expression
may play a critical role in the abnormal hyper-excitability
of primary sensory neurons. Intraperitoneal administration
of a TrkB inhibitor resulted in blocked hyper-excitability
of colon neurons, which was associated with attenuation of
referred visceral hypersensitivity (39). More investigations are
needed to further evaluate the cellular actions of BDNF in
the gut.
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FIGURE 2 | (A) IBS symptom severity in healthy controls vs. IBS patients. Significantly higher symptom severity scores are notable in the IBS population vs. controls
(**p < 0.001). (B) Measurement of BDNF protein tissue levels obtained from colonic biopsies of the descending colon by nCounter analysis in healthy controls (n =
10, two female and eight male) and IBS patients (n = 20, 14 female and six male). No notable difference is detected in BDNF protein levels in healthy controls vs. IBS
patients. (C) Measurement of BDNF mRNA levels obtained from colonic biopsies of the descending colon by ELISA in healthy controls (n = 10) and IBS patients (n =
20) with no notable difference detected. (D) IBS symptom severity in healthy male controls vs. male IBS-D patients. Significantly higher symptom severity scores are
notable in the male IBS-D population vs. male controls (**p < 0.001). (E) Measurement of BDNF protein tissue levels obtained from colonic biopsies of the
descending colon by nCounter analysis in healthy male controls (n = 8) and male IBS-D patients (n = 5). BDNF protein levels in male IBS-D patients were significantly
lower compared to male healthy controls (*p < 0.05). (F) Measurement of BDNF mRNA levels obtained from colonic biopsies of the descending colon by ELISA in
healthy male controls (n = 8) and male IBS-D patients (n = 5). BDNF mRNA levels in male IBS-D patients were significantly lower compared to male healthy controls
(*p < 0.05).

TABLE 2 | Characterization of irritable bowel syndrome in patient population.

Parameter Group

Control (n =10,9=2,5 =8) IBS (n =20, ¢ =14, 5 = 6) P
IBS subgroup
Diarrhea n.a. 14 n.a.
Constipation n.a. 2
Mixed n.a. 3
Unsubtyped n.a. 1

Duration of disease

Duration (years) n.a. 6.1 £1.5(1-22) n.a.
Severity

IBS Symptom Severity Score 27.7 £ 9.0 (0-72) 314.2 4+ 21.2 (124-486) <0.001
IBS-SSS grade <0.001
0 10 0 (0%)

1 0 2 (10%)

2 0 8 (40%)

3 0 10 (50%)

4 0 0 (0%)

Data are presented as mean + sem, the range is indicated in parentheses; alternatively, data are indicated as total number and percentage values in parentheses. Normality was assessed
using the Kolmogorow-Smirnov test. Differences were assessed using x2-tests or t-tests. Significant differences are displayed in bold. IBS, irritable bowel syndrome; IBS-SSS, IBS
Symptom Severity Score; n.a., not applicable.
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TABLE 3 | IBS symptom severity scores and BDNF levels according to sex.
Group
P t
arameter Control (n = 10) IBS (n = 20)
Women (n = 2) Men (n = 8) p Women (n = 14) Men (n = 6) P

IBS-SSS 21.5 £ 19.5 (2-41) 29.3 £10.1 (0-72) n.c. 293.7 &+ 23.0 (124-439) 361.8 &+ 39.8 (220-486) 0.133
BDNF mRNA (arbitrary unit) 8.1+ 1.4 (6.7-9.4) 10.2 + 1.2 (7.5-16.8) n.c. 13.2 + 3.6 (1.4-48.1) 47 +1.1(1.9-8.6) 0.048
BDNF protein (ng/mg) 27+1.6(1.1-4.3 1.5+0.1(0.9-1.9 n.c. 2.0+ 0.3(0.6-3.4) 1.2+£0.2(0.6-1.8) 0.076

BDNF levels were assessed using nCounter analysis and ELISA and corrected for housekeeping gene expression or total tissue protein, respectively. Data are presented as mean + sem,
the range is indicated in parentheses. Normality was assessed using the Kolmogorow-Smirnov test. Differences were assessed using t-tests or the Mann-Whitney-U test depending
on the distribution of the data. Significant differences are displayed in bold. BODNF, brain-derived neurotrophic factor; IBS, irritable bowel syndrome; IBS-SSS, IBS Symptom Severity

Score; n.c., not calculated.
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FIGURE 3 | Correlation between gastrointestinal symptom severity vs. BDNF protein tissue levels from the descending colon or BDNF mRNA levels. (A,B) shown the
whole cohort (10 controls: eight female and two male; 20 IBS: 14 female and six male) and (C,D) show the subgroups of male IBS-D patients (n = 5) with their male
controls (n = 8). Scatter plot showing (A,B) no significant correlation between IBS-SSS and BDNF protein or mRNA levels in the whole cohort (- = —0.097; p = 0.611
and r = —0.123; p = 0.526) and (C) no significant correlation between IBS-SSS and BDNF protein tissue levels in male IBS-D patients and respective control cohort (r
= —0.418; p = 0.156) and (D) a significant negative correlation between IBS-SSS and BDNF mRNA levels in male IBS-D patients and male controls (r = —0.622;
p = 0.023).

To our surprise in contrast to prior studies (11, 19-
21), no significant differences in the concentration of BDNF
protein and mRNA were found in the IBS cohort compared
to controls. It can be speculated whether this is attributed
to a different study population. Compared to Zhang et al.
(21) we did include patients with carbohydrate malabsorption
as well as patients with previous abdominal surgeries. Most
of our patients were women while Zhangs study population
consisted of more males. Our sample size is also smaller.
However, in our opinion the reason for this discrepancy of

results may be mainly due to the different location in the
colon the biopsies were taken from. In all prior investigations,
biopsies were obtained from the rectosigmoid junction whereas
our biopsies were taken from the descending colon (~40 to
50 cm above the anocutaneous line). In the physiological state
the rectosigmoid colon is responsible for storage and eventually
defecation while the more proximal parts of the colon are
involved in mixing and propelling of the content and thus
securing its optimal contact to the mucosal wall to absorb the
water and eventually solidifying fecal contents (40). The different

Frontiers in Psychiatry | www.frontiersin.org

January 2021 | Volume 11 | Article 531385


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Konturek et al.

BDNF in IBS

motility pattern of the rectosigmoid colon compared to the
rest of the colon is a well-known phenomenon which has been
previously attributed to a higher rate of the basic electrical
rhythm (BER) probably resulting in occurrence of more intense
motility observed in the rectosigmoid colon caused mainly by
giant migrating contractions (40, 41). Our results showing no
substantial difference between BDNF tissue concentration in
healthy subjects and IBS patients suggest that the descending
colon and probably parts of the ascending and transverse colon
are not or at least to a lesser degree responsible for symptoms
occurring in IBS mediated by BDNF. Unfortunately, there is
no substantial clinical data on regional differences of visceral
sensitivity of the colon and further investigations are needed to
elucidate this phenomenon as well as regional BDNF expression,
especially with regard to patients with IBS. Furthermore, our
heterogeneous IBS group could be the reason why overall no
differences in IBS vs. control were found. Analysis of the IBS-
D subgroup showed that male IBS-D patients had significantly
lower BDNF mRNA and protein levels compared to male
controls. This supports the hypothesis that the subforms of IBS
have many different etiologies and especially IBS-D may underlie
a different pathology. As recently reviewed, NGFs together
with mast cells modulate visceral sensitivity, intestinal barrier
function, and motility in IBS-D (42). Unfortunately, due to
limited subgroup size no further analyses of the other subgroups
could be performed and one should keep in mind that the
IBS-D subgroup is of small sample size as well. Thus, results
should be interpreted with caution. Whether the differences
found are exclusive to male IBS-D must be ascertained in future
studies with higher numbers of sex-categorized and subgrouped
IBS patients.

Our study reveals significantly higher levels of measurable
BDNF mRNA in female IBS patients as compared to male
IBS patients. A 2:1 female to male predominance of IBS is
well known (43, 44) and could be reproduced in our study.
Previous studies suggest that regulation of BDNF and its
receptors is controlled by estrogen (45, 46). Recently, Ji et al.
investigated the opposing roles of estradiol and testosterone
on stress-induced visceral hypersensitivity (SIVH) in rats. It
could be shown that estradiol injection in intact male rats
increased both SIVH and BDNF levels in the spinal cord
whereas testosterone injection in female rats attenuated SIVH
and decreased BDNF levels. One rodent study looked at
colonic BDNF levels after a single inflammatory insult to
the distal colon and found strong up-regulation only in rats
with concomitant high estrogen levels while the inflammation
itself did not induce BDNF changes (47). Both studies
support the hypothesis that estrogens seem to be involved in
BDNF upregulation.

Our study included a total of 10 controls and 20 patients
with IBS. Given the limited study size it is possible that
our results could not reach significance. Furthermore, there
was a disproportionate gender distribution within the two
study groups without gender matching making results
prone to bias. The IBS group included 14 women and six
men whereas the control group consisted of mostly men
(n=10,9=2,0 =8).

Our study population in many aspects represents typical
demographic and epidemiologic findings as well as associated
comorbidities of IBS. Interestingly, most of our patients in
the IBS group owned a university entrance diploma or a
secondary education certificate which supports data that a higher
socioeconomic status is associated with IBS (48). We speculate
if in a country like Germany with universal health care access,
a possible reason for this phenomenon is a higher level of
stress perceived by people working in the professional and
managerial field.

Malabsorption, in particular fructose malabsorption, has been
shown to be associated with IBS (49, 50). Our study population
is representative in that regard as 53% of IBS patients had
concurrent fructose malabsorption diagnosed prior to evaluation
for IBS. No differences in BDNF levels in that subgroup could
be detected. Except one, all patients with fructose malabsorption
had IBS-D. The exact reason for this association remains unclear,
however, possible suggested mechanisms include alteration of
the enteric microbiome, changes in intestinal permeability,
rapid small bowel transit, and immune responsiveness (51,
52). Education on nutrition in this subgroup of patients
may be of benefit for better symptom control (49, 53).
Similar associations were found with lactose intolerance and
IBS (54).

IBS is further associated with a variety of somatic and
psychiatric conditions which is reflected in our IBS study
population in 42% of cases compared to 0% in the control
group (p = 0.048). Recognition and treatment of these
comorbidities is pertinent since it has been shown that there
is a correlation with enhanced medical help seeking, worse
prognosis and higher rates of depression and anxiety (29).
These patients often undergo extensive diagnostic workup
which may include surgical interventions (48). It needs to
be emphasized that all of our IBS patients have a history
of abdominal surgery. This association could raise suspicion
that IBS is associated with intraabdominal/peritoneal adhesions,
however, it could also reflect the poor diagnostic knowledge
on IBS in the German healthcare setting leading to false
diagnoses and common surgeries such as cholecystectomies
or appendectomies.

IBS remains a debilitating disorder of brain-gut interaction.
Although in a small sample, our study detected a high proportion
of gastrointestinal surgery in IBS patients and confirmed food
intolerances and psychiatric diseases as common comorbidities
of IBS. We demonstrated that BDNEF, a nerve growth factor
suspected to be involved in the control of visceral hyperalgesia
and colon motility, is detectable in human biopsies of the
descending colon with lower levels in the small subgroup of
male IBS-D patients suggesting that this subgroup may be
different from the others. No difference was found between
the whole IBS cohort and controls which could be due to the
heterogeneous IBS subgroups. Regional differences in colonic
BDNF expression could also account for these findings although
this conclusion cannot be drawn from our current data that
focused on BDNF expression in the descending colon only. A
regional characterization of BDNF expression should thus be
subject of future studies. The finding that female IBS patients
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show higher BDNF levels than male patients supports previous
data that sex hormones are involved in the regulation of BDNF.
Extrapolating from the current findings, female IBS patients
as well as male IBS-D patients should be studied in a larger
sample size to further characterize the role of BDNF in the
pathophysiology of IBS.
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