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Abstract
Background: Visceral pain is a complex and heterogeneous disorder, which can range from the mild discomfort of
indigestion to the agonizing pain of renal colic. Regulation of visceral pain involves the spinal cord as well as higher
order brain structures. Recent findings have linked the microbiota to gastrointestinal disorders characterized by
abdominal pain suggesting the ability of microbes to modulate visceral hypersensitivity and nociception to pain.
Main body: In this review we describe the neuroanatomical basis of visceral pain signaling and the existing
evidence of its manipulation exerted by the gut microbiota. We included an updated overview of the potential
therapeutic effects of dietary intervention, specifically probiotics and prebiotics, in alleviating hypersensitivity to
visceral pain stimuli.
Conclusions: The gut microbiota dramatically impacts normal visceral pain sensation and affects the mechanisms
mediating visceral nociception. Furthermore, manipulation of the gut microbiota using prebiotics and probiotics
plays a potential role in the regulation of visceral pain disorders.
Keywords: Microbiota-gut-brain axis, Microbiome, Visceral pain, Probiotics, Prebiotics, FGID, IBS, Colitis

Background
The increasing burden of visceral pain disorders has generated a growing interest by researchers and clinicians in
studying the origins of pain from internal organs. Visceral
pain is a complex and heterogeneous disorder which can
range from the mild discomfort of indigestion to the agonizing pain of renal colic, typically disproportionately affecting more women than men [5, 10]. The most prevalent
forms of visceral pain are categorized as functional gastrointestinal disorders (FGID) such as irritable bowel syndrome (IBS), which exceeds US$ 40 billion in medical
costs and affects an estimated 10–15% of the US and
European populations [62, 71]. Visceral pain disorders
exert a tremendous pressure on the health care system
and are associated with psychological distress, sleep disorders and sexual dysfunction, negatively impacting overall
patient quality of life [35]. Moreover, both ageing and gender affect the progression of visceral pathology and pain,
with IBS reported twice as frequently in women than in
men [7].
The mechanisms involved in the perception of gastrointestinal pain and discomfort are complex. Stretch, inflammation, ischemia, pH, bacterial products, immune
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mediators, and neurotransmitters have all been associated with visceral pain [67]. Nociceptors, expressing
transient receptor potential (TRP) at the nerve terminations, sense painful stimuli and project signals onto
spinal nociceptive neurons located in the lateral neck of
the dorsal horn of the spinal cord, which convey information to supraspinal centers (Fig. 1). Here, the signal
reaches several brain areas such as thalamus, hypothalamus, limbic system and cortex, which in concert code
the afferent information and generate an efferent signal
back to the periphery [9]. Thus, the descending pathways modulate neuronal activity exerting either an
inhibitory or a facilitatory effect on the sensation of pain.
However, repeated or chronic nociceptors’ activation,
due to chronic release of inflammatory mediators and
pain signals following tissue injury, can lead to
sensitization of the receptors and unpredictable bouts of
visceral pain [32, 76]. For instance, substance P, serotonin, acetylcholine, prostaglandin 2, histamine, and
cytokines are some of the mediators thought to play a
role in the regulation of pain stimuli [76]. As alterations
in the perception and maintenance of this type of pain
involves multiple factors, making it challenging and
often unsatisfactory in the choice and the development
of adequate treatment options.
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Fig. 1 Gut microbiota-host interaction. Schematic representing the different ways of interaction between the microbiota and host. Painful stimuli
sensed by nociceptors expressed at the nerve terminations project signals onto spinal nociceptive neurons located in the lateral neck of the dorsal horn of
the spinal cord, which convey information to supraspinal centers. Here, the signal reaches several brain areas such as the thalamus, hypothalamus, limbic
system, and cortex, which in concert code the afferent information and generate an efferent signal back to the periphery. The microbiota, which resides in
the lumen of the gastrointestinal tract, can influence several factors involved in pain perception and its signaling such as the vagus
nerve, cytokine production, corticosterone secretion, short chain fatty acids (SCFAs), and microbial metabolite release

The microbiota has emerged as a novel target for the
treatment of visceral pain. A correlation between visceral
pain disorders, such as IBS, and microbial dysbiosis has
been demonstrated in patients [19, 21]. Further evidence
supports the role of bacterial, viral, and parasitic infections in triggering IBS symptoms. A recent systematic
review and meta-analysis of 45 studies, comprising
21,421 individuals with enteritis, showed that the development of IBS was increased more than 10% up to at
least 12 months post-infection. Moreover, the risk of IBS
was found to be 4-fold higher than in individuals who
did not have infectious enteritis, although heterogeneity
among the studies were found. The increased risk of
developing IBS was seen predominantly in women, as
well as in individuals treated with antibiotics during the
enteritis. [42]. Of interest, the improvement of visceral
hypersensitivity through the use of certain beneficial
probiotics and prebiotics has been recently proposed
[26]. Moreover, significant enthusiasm has been generated following the potential benefits exerted by fecal

material transplantation having been observed in
patients with visceral pain [37, 59]. Therefore, the role of
the intestinal microbiota has emerged as an essential
player in the development of future therapeutic approaches for visceral pain.

Gut microbiota development
The gut microbiome comprises more than 1000 species
and 7000 strains dominated mainly by bacteria, but also
includes viruses, protozoa, archaea and fungi [46]. This
ecosystem occupies different niches in the human body,
interacting with most, if not all, organs of the host
throughout the lifespan. As first proposed by Tissier
[73], colonization of the gut was assumed to commence
at birth, making the human placenta an excellent sterile
compartment for the growing offspring. However, the
detection of a shared microbial signature between the
placenta, amniotic fluid, and meconium suggests a direct
maternal to infant transfer of microbiomes that starts in
utero [43]. This maternal imprinting of the infant
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microbiota is then strengthened by breastfeeding during
the first weeks of life giving shape to a much more complex microbiota in the offspring composed mostly by the
genera Lactobacillus, Staphylococcus, Enterococcus, and
Bifidobacterium [52]. The switch from breast milk to the
introduction of solid food makes the microbiome gradually more complex, culminating in a more mature gut
microbiota by 3 years of age [57]. Starting in the early
stages of life, the microbiome establishes a long evolutionary symbiosis with the host, which influences essentially all organs, systems, as well as their functionality.
For instance, the formation of a more mature microbiota
early in life coincides with the development of the immune system, suggesting the microbiota is responsible
for the priming of the immune system [4, 31].
From the gut, the microbiota can communicate with
the central nervous system (CNS) forming a complex
crosstalk between the gut, its microbiome, and the brain
known as the microbiota-gut-brain (MGB) axis [17].
This bidirectional communication between the gut
microbiota and the brain is believed to participate in the
regulation of gastrointestinal homeostasis and affect
CNS function including mood, cognition, and pain perception. The mechanisms by which the gut microbiota
interacts with the host will be discussed thoroughly in
this review article.

Gut microbiota and its interaction with the host
The gastrointestinal (GI) tract is the most heavily colonized organ of the human body, which hosts an increasing microbial concentration from 101 to 103 cells up to
1011–1012 cells per gram of fecal contents in the stomach and in the colon, respectively [36]. Here the microbiota is recognized by the host by specific receptors
expressed on different cells of the innate immune
system, such as macrophages, neutrophils, NK cells,
dendritic cells and intestinal epithelial cells. Specifically,
microbe- or pathogen-associated molecular patterns
(MAMPs or PAMPs), such as lipopolysaccharide (LPS)
and peptidoglycans (PGN), are sensed by pattern recognition receptors (PRRs), including Toll-Like receptors
(TLRs) and NOD-like receptors which are expressed on
the host cell surface or in the cytosolic compartment of
numerous cell types including immune cells [51]. The
activation of PRRs triggers an enzymatic cascade leading
to the synthesis and release of proinflammatory cytokines. In a chronically inflamed host, the integrity of the
intestinal mucosal barrier is impaired facilitating bacterial infiltration across the gut and the migration of
diverse bacterial antigens from the underlying lamina
propria systemically via the blood. Therefore, following
inflammation, a combination of cytokines and bacterial
products, such as peptidoglycans and LPS, circulate into
the blood, reaching several distant organs and systems
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including the CNS and the blood brain barrier (BBB).
Whether cytokines can cross the BBB or not still needs
to be clarified. However, evidence reveals that cytokines
can influence brain areas and their functionality, suggesting a correlation exists between brain cytokines
levels and psychiatric symptoms (including perception of
pain), known as cytokine-induced sickness behavior [78].
Moreover, the heightened inflammatory tone induced by
a leaky gut is also responsible for the activation of the
hypothalamic-pituitary-adrenal (HPA) axis and consequently the release of corticosterone, the most potent
stress hormone. This highlights the importance of the
microbiota in influencing the neuroendocrine system
[15]. Recent evidence indicates PGN can translocate into
the brain and be sensed by PRRs within the CNS. [3].
Moreover, microglial control of astrocytes and CNS inflammation can be modulated by metabolites of dietary
tryptophan produced by commensal bacteria, suggesting
a novel signaling pathway that mediates the communication between the gut microbiota and the brain [65].
Other microbial products, specifically short chain fatty
acids (SCFAs), can enter the blood and exert an effect
centrally, influencing memory and cognition through
epigenetic mechanisms [24, 45]. Furthermore, the microbiota is believed to influence function and metabolism of
enteroendocrine cells, inducing the expression of several
peptides, such as glucagon-like peptides (GLP) and peptide YY (PYY), which are known to control energy
homeostasis, glucose metabolism, gut barrier function,
and metabolic inflammation [8]. The microbiota is also
capable of regulating the synthesis and release of several
neurotransmitters in the GI tract. Microbial
dependent-serotonin (5-HT) biosynthesis has emerged
as a critical player, due to its implication in colonic function and GI disorders [34, 77]. For instance, lower mucosal 5-HT content, tryptophan hydroxylase (TPH) 1,
and serotonin reuptake transporter (SERT) expression
levels have been reported in some studies involving IBS
patients [13, 25, 38]. Furthermore, exposure to selective
serotonin reuptake inhibitor (SSRIs) in some cases have
been shown to ameliorate IBS symptoms, such as enhanced orocecal transit and increased colonic motility
[11, 72]. Moreover, the antagonism of specific 5-HT receptors abundantly expressed in the gut, such as 5-HT3,
has been shown to reduce visceral pain, slow colonic
transit, and enhance small intestinal absorption [6].
Despite this evidence, the role of 5-HT signaling in the
gut remains confusing and controversial, therefore further research is warranted [48]. In addition to 5-HT,
the neurotransmitters γ-aminobutyric acid (GABA),
dopamine (DA) and acetylcholine (ACh) are also synthesized in the lumen of the intestine by the microbiota
and these neurotransmitters are believed to communicate with the brain via the vagus nerve [47]. It is also
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believed that the microbiota communicates with the
CNS through the enteric nervous system (ENS) via
vagal parasympathetic and sympathetic tracts [55]. A
schematic representing the pathways of interaction between the microbiota and host is shown in Fig. 1.

Visceral pain: Microbiota & Preclinical Studies
In recent years, preclinical studies have shed light on the
role played by the microbiota in visceral pain. Studies
using germ free mice (GF; mice raised without any exposure to microorganisms), have shown the commensal
microbiota is necessary for development of an adequate
pain sensitivity [2], which is blunted in response to several stimuli including bacterial LPS and interleukin
(IL)-1β in GF mice [12]. Reestablishment of a normal
microbiota through microbial transfer from conventional
to GF mice has demonstrated that the microbiota is necessary for the restoration of normal excitability of gut
sensory neurons [49]. Of note, fecal transplant from IBS
patients reproduced certain features characteristics of
IBS in GF mice, including hypersensitivity to colorectal
distension, [14]. In another study, GF rats inoculated
with the microbiota from patients with IBS developed
abnormal gut fermentation mostly characterized by increased H2 excretion and sulfide production, [14] which
have been reported in IBS [41, 69]. GF rodents represent
a valuable tool for the investigation of visceral pain and
related pathologies arising from intestinal dysbiosis.
Probiotics in animal models

As an alternative to a GF state, chronic antibiotic administration is also used as a model to deplete the gut
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microbiota. Antibiotics can alter the innate mucosal immune system and attenuate visceral pain-related responses provoked by intracolonic capsaicin and
intraperitoneal acetic acid administration in mice [1].
However, exposure to antibiotics during early life can
also increase visceral sensitivity in adult rats, suggesting
that alterations of the microbiota induced in specific
time windows of life are crucial to the development of a
sensitivity to pain [53].
Probiotics, bacteria that can confer beneficial effects
onto the host following consumptionhave demonstrated
improvements in animal models of visceral hypersensitivity. Despite these highly interesting findings, the
mechanisms involved in mediating these benefits remain
unkown [29] (Table 1). Live luminal administration of
Lactobacillus reuteri (DSM 17938) and its conditioned
medium dose-dependently reduced jejunal spinal nerve
firing evoked by distension or capsaicin, with 80% of this
response blocked by a specific transient receptor potential cation channel subfamily V member 1 (TRPV1)
channel antagonist or in TRPV1 knockout mice [58].
Lactobacillus acidophilus-mediated analgesic effects
function in the gut similarly to the effects of morphine,
inducing upregulation of both opioid and cannabinoid
receptors in rodents [66]. Lactobacillus paracasei administration blunted antibiotic-induced visceral sensitivity to colorectal distension (CRD) and increased
substance P levels in the mice colon [74]. Interestingly,
exposure to chronic stress has been used as a valuable
rodent model of IBS and visceral sensitivity, suggesting
the MGB axis serves as an important regulator of visceral pain. For instance, the neonatal maternal

Table 1 Effects of prebiotics and probiotics in preclinical studies
Animals

Treatment

Length of
treatment

Outcomes

References

Adult male Swiss Live luminal Lactobacillus 9 days
Webster
reuteri (DSM 17938)

DSM ↓ capsaicin-evoked (1) firing of spinal nerve action potentials and (2) [58]
Ca2+ increase in DRG neurons.

Sprague Dawley
rats

15 days

L. acidophilus ↑MOR1 and CB2 expression in intestinal epithelial cells
restoring normal perception of visceral pain.

[66]

Female NIH Swiss Lactobacillus paracasei
mice and Balb/c (NCC2461)
mice

10 days

L. paracasei ↓antibiotic-induced CRD hypersensitivity and SP
immunolabelling in the myenteric plexus.

[74]

Sprague Dawley
rats

Lactobacillus rhamnosus
and Lactobacillus
helveticus

15 days

Probiotics ↓ MS-induced CRD hypersensitivity, plasma CORT levels and
short-circuit current in the gut.

[27]

Sprague Dawley
rats

Lactobacillus paracasei

15 days

L. paracasei ↓ MS-induced CRD hypersensitivity.

[23]

Wistar rats

VSL#3

60 days

VSL#3 reversed MS-induced CRD hypersensitivity and alterations of i.e.
TPH1, CCL2, NOS3, NTRK1, IL-10, TRPV4, gene expression levels.

[18]

C57BL/6 mice

Lactobacillus rhamnosus
and Lactobacillus
helveticus

15 days

Probiotics prevented c. rodentium-induced epithelial cell hyperplasia and
reduction in cell proliferation as well as transcription of IL-10 and FOXP3.

[64]

Lactobacillus acidophilus

Abbreviations: MOR1 Opioid Receptor Mu, CB2 Cannabinoid Receptor, CRD colorectal distension, MS maternal separation, CORT corticosterone, TPH1 Tryptophan
hydroxylase, CCL2 C-C Motif Chemokine Ligand, NOS3 nitric oxide synthase, NTRK1 Neurotrophic Receptor Tyrosine Kinase, IL-10 interleukin, TRPV4 Transient
Receptor Potential Cation Channel Subfamily V Member 4, FOXP3 Forkhead Box P3
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separation (MS) paradigm, which consists of separating
murine pups from their mothers for 3 h per day for at
least 10 days, induces several alterations related to visceral pain such as hypersensitivity to CRD, increased gut
permeability, activation of the immune system, increased
hypothalamic pituitary adrenal (HPA) axis activation and
altered intestinal microbial composition [28, 54, 60, 70].
In this regard, a specific probiotics cocktail made of L.
helveticus and L. rhamnosus reduced both macromolecular and paracellular permeability in MS [27]. The
same probiotics treatment also ameliorated the
MS-induced gut functional abnormalities and bacterial
adhesion/penetration into the mucosa and blunted the
HPA axis response [27]. L. paracasei and VSL#3, (composed of B. longum, B. infantis, B. breve, L. acidophilus,
L. casei, L. bulgaricus, L. plantarum, and Streptococcus
salivarius), were also able to reverse MS-induced hyperalgesia and allodynia during CRD and restored normal
gut permeability [18, 23]. Moreover, VSL#3 was found to
modulate the serotonergic system, specifically TPH1 expression levels, which is typically altered in IBS. VSL#3
was also shown to reduce gut permeability through upregulation of specific tight junction proteins (occluding,
ZO-1) in a rat model of IBS induced by chronic intracolonic instillation of 4% acetic acid [16]. Similarly, both L.
helveticus and L. rhamnosus administration were shown
to restore the function of the intestinal barrier and increased the levels of tight junction proteins in two different animal models of colitis [44, 64].

Visceral pain: Microbiota & Clinical Studies
Intestinal dysbiosis has also been reported in individuals suffering from visceral pain, including IBS patients,
making the microbiota itself a novel target for treatment [29, 61]. A reduction in the levels of Bifidobacterium, Lactobacillus [68] as well as alterations in the
Firmicutes:Bacteroidetes ratio, which represent the
most abundant phylum bacteria found within the

human gut microbiome [63], have been identified in
IBS patients. VSL#3 treatment has been shown to be effective in five small different randomized control trials
(RCT) in IBS patients that fulfilled the Rome II or
Rome III criteria. At least 6 weeks of VSL#3 treatment
were necessary to observe improvements in symptomatology, such as reduced abdominal pain/discomfort, or
improved abdominal bloating/gassiness, when compared to placebo [33, 39, 40, 50, 63]. A larger study involving 362 women with IBS demonstrated efficacy of
B. infantis in reducing pain, bloating and improving
bowel movements after 4 weeks of treatment compared
to placebo [75]. Similarly, L. rhamnosus [30] and L.
plantarum [20] both showed amelioration in abdominal
pain and bloating together with reduced visceral pain in
two different large RCT studies in IBS patients. Escherichia coli DSM 17252 has also showed improvements in
298 IBS patients compared to placebo. After 8 weeks of
treatment, both abdominal pain and general pain scores
were significantly ameliorated in the IBS group provided with probiotics [22]. One study showed beneficial
effects of the prebiotic fructoligosaccharides (FOS) in
patients affected by minor functional bowel disorders
(FBD; Rome II criteria). After 6 weeks of treatment, 105
FBD patients showed reduced incidence and intensity
of gastrointestinal symptoms over placebo [56]. Taken
together, these studies highlight the potential for beneficial probiotics for the treatment of visceral pain.
The paucity of information coming from the accumulated clinical evidence to date limits our understanding on the efficacy of both prebiotics and
probiotics in visceral pain (Table 2). Limitations are
mostly due to inconsistencies within the studies, types
of probiotics provided, length of the treatment and
different types of pain disorders being treated. Nonetheless, the data to date suggests potential benefits
exerted by specific probiotics and prebiotics in patients with visceral pain.

Table 2 Effects of prebiotics and probiotics in clinical studies
Participants

Treatment

50 IBS children, Rome II criteria.

Length of
Trial

Outcomes

References

Lactobacillus GG vs 6 weeks
placebo.

LGG ↓ incidence abdominal distention.

[50]

48 IBS patients, Rome II criteria.

VSL#3 vs placebo.

4 and
8 weeks

↓ flatulence and colonic transit.

[39]

30 Rome III FC patients; 30
controls.

VSL#3 vs placebo.

2 weeks

VSL#3 ↑complete spontaneous bowel movements.

[40]

59 IBS children.

VSL#3 vs placebo.

6 weeks

VSL#3 ↓ abdominal pain/discomfort, and bloating/gassiness.

[33]

104 children diagnosed with
FAPD, IBS or FD.

Lactobacillus GG vs 4 weeks.
placebo.

LGG treatment moderately improved abdominal pain.

[30]

105 FBD patients.

sc-FOS vs placebo. 6 weeks

sc-FOS ↓ intensity of digestive disorder symptoms ↑ quality of life, ↑ [56]
discomfort scores.

Abbreviations: FBD Functional Bowel Disorders, FAPD Functional Abdominal Pain Disorders, FD Functional Dyspepsia, sc-FOS short-chain Fructo-oligosaccharides
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Conclusions
Increasing evidence strongly indicates that the gut
microbiota plays a pivotal role in the regulation of visceral pain. Its association with autonomic and emotional
reactions and visceral function makes the gut microbiota
an appealing target for novel pharmacological strategies
against visceral pain in FGIDs, including IBS. Despite
this, whether the microbiota is driving the abnormalities
found in visceral pain and related pathologies remains to
be resolved. Moreover, our knowledge on the crosstalk
between the gut and brain and the mechanisms by
which the microbiota could alleviate visceral pain is still
in its early infancy. The provocative preclinical evidence
on the influence of the microbiota in the regulation of
visceral pain seems promising but still need to be confirmed clinically. Even though growing clinical research
has found alleviation in the symptomatology of visceral
pain after microbial manipulation with both prebiotics
and probiotics, many lack power. Further studies with
greater numbers of patients showing consistent results
are warranted. Finally, whether fecal transplantation
could be considered as a viable therapeutic option to
modify the microbiota for benefit in visceral pain still
needs to be confirmed.
Abbreviations
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nervous system; DA: Dopamine; ENS: Enteric nervous system; FBD: Functional
bowel disorder; FGID: Functional gastrointestinal disease; GABA: GammaAminobutyric acid; GF: Germ-free; GI: Gastrointestinal; GLP: Glucagon like
peptide; HPA: Hypothalamic-pituitary-adrenal axis; IBS: Irritable bowel
syndrome; IL: Interleukin; LPS: Lipopolysaccharide; MAMP: Microbial
associated molecular pattern; MGB: Microbiota-gut-brain; MS: Maternal
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PRR: Pattern recognition receptor; PYY: Peptide YY; RCT: Randomized control trial;
SCFA: Short chain fatty acids; SERT: Serotonin reuptake transporter;
SSRI: Serotonin selective reuptake inhibitor; TLR: Toll-like receptor;
TPH: Tryptophan hydroxylase; TRP: Transient receptor potential; TRPV1: Transient
receptor potential cation channel subfamily V member 1; ZO-1: Zonnula
occuldens
Funding
Research was supported by NIH 1R01AT009365–01 (MGG), NIH
5R21MH108154–01 (MGG).
Authors’ contributions
MMP & MGG wrote the manuscript. Both authors read and approved the
final manuscript.
Ethics approval and consent to participate
Not applicable.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 6 of 8

Received: 27 July 2018 Accepted: 4 October 2018

References
1. Aguilera M, Cerda-Cuellar M, Martinez V. Antibiotic-induced dysbiosis alters
host-bacterial interactions and leads to colonic sensory and motor changes
in mice. Gut Microbes. 2015;6(1):10–23.
2. Amaral FA, Sachs D, Costa VV, Fagundes CT, Cisalpino D, Cunha TM, Ferreira
SH, Cunha FQ, Silva TA, Nicoli JR, Vieira LQ, Souza DG, Teixeira MM.
Commensal microbiota is fundamental for the development of
inflammatory pain. Proc Natl Acad Sci U S A. 2008;105(6):2193–7.
3. Arentsen T, Qian Y, Gkotzis S, Femenia T, Wang T, Udekwu K, Forssberg
H, Diaz Heijtz R. The bacterial peptidoglycan-sensing molecule Pglyrp2
modulates brain development and behavior. Mol Psychiatry. 2017;22(2):
257–66.
4. Belkaid Y, Hand TW. Role of the microbiota in immunity and inflammation.
Cell. 2014;157(1):121–41.
5. Cain KC, Jarrett ME, Burr RL, Rosen S, Hertig VL, Heitkemper MM. Gender
differences in gastrointestinal, psychological, and somatic symptoms in
irritable bowel syndrome. Dig Dis Sci. 2009;54(7):1542–9.
6. Camilleri M. Serotonergic modulation of visceral sensation: lower gut. Gut.
2002;51(Suppl 1):i81–6.
7. Canavan C, West J, Card T. The epidemiology of irritable bowel syndrome.
Clin Epidemiol. 2014;6:71–80.
8. Cani PD, Everard A, Duparc T. Gut microbiota, enteroendocrine functions
and metabolism. Curr Opin Pharmacol. 2013;13(6):935–40.
9. Chang L. Brain responses to visceral and somatic stimuli in irritable bowel
syndrome: a central nervous system disorder? Gastroenterol Clin N Am.
2005;34(2):271–9.
10. Chang L, Heitkemper MM. Gender differences in irritable bowel syndrome.
Gastroenterology. 2002;123(5):1686–701.
11. Chial HJ, Camilleri M, Burton D, Thomforde G, Olden KW, Stephens D.
Selective effects of serotonergic psychoactive agents on gastrointestinal
functions in health. Am J Physiol Gastrointest Liver Physiol. 2003;284(1):
G130–7.
12. Chichlowski M, Rudolph C. Visceral pain and gastrointestinal microbiome. J
Neurogastroenterol Motil. 2015;21(2):172–81.
13. Coates MD, Mahoney CR, Linden DR, Sampson JE, Chen J, Blaszyk H, Crowell
MD, Sharkey KA, Gershon MD, Mawe GM, Moses PL. Molecular defects in
mucosal serotonin content and decreased serotonin reuptake transporter in
ulcerative colitis and irritable bowel syndrome. Gastroenterology. 2004;
126(7):1657–64.
14. Crouzet L, Gaultier E, Del'Homme C, Cartier C, Delmas E, Dapoigny M,
Fioramonti J, Bernalier-Donadille A. The hypersensitivity to colonic
distension of IBS patients can be transferred to rats through their fecal
microbiota. Neurogastroenterol Motil. 2013;25(4):e272–82.
15. Cussotto S, Sandhu KV, Dinan TG, Cryan JF. The neuroendocrinology of the
microbiota-gut-brain Axis: a Behavioural perspective. Front Neuroendocrinol.
2018;51:80–101.
16. Dai C, Guandalini S, Zhao DH, Jiang M. Antinociceptive effect of VSL#3 on
visceral hypersensitivity in a rat model of irritable bowel syndrome: a
possible action through nitric oxide pathway and enhance barrier function.
Mol Cell Biochem. 2012;362(1–2):43–53.
17. Dinan TG, Cryan JF. Gut-brain axis in 2016: brain-gut-microbiota axis mood, metabolism and behaviour. Nat Rev Gastroenterol Hepatol. 2017;
14(2):69–70.
18. Distrutti E, Cipriani S, Mencarelli A, Renga B, Fiorucci S. Probiotics VSL#3
protect against development of visceral pain in murine model of irritable
bowel syndrome. PLoS One. 2013;8(5):e63893.
19. Distrutti E, Monaldi L, Ricci P, Fiorucci S. Gut microbiota role in irritable
bowel syndrome: new therapeutic strategies. World J Gastroenterol. 2016;
22(7):2219–41.
20. Ducrotte P, Sawant P, Jayanthi V. Clinical trial: lactobacillus plantarum 299v
(DSM 9843) improves symptoms of irritable bowel syndrome. World J
Gastroenterol. 2012;18(30):4012–8.
21. Dupont HL. Review article: evidence for the role of gut microbiota in
irritable bowel syndrome and its potential influence on therapeutic targets.
Aliment Pharmacol Ther. 2014;39(10):1033–42.
22. Enck P, Zimmermann K, Menke G, Klosterhalfen S. Randomized controlled
treatment trial of irritable bowel syndrome with a probiotic E.-coli

Pusceddu and Gareau Journal of Biomedical Science (2018) 25:73

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.
37.

38.

39.

40.

41.

preparation (DSM17252) compared to placebo. Zeitschrift fur
Gastroenterologie. 2014;52(1):64.
Eutamene H, Lamine F, Chabo C, Theodorou V, Rochat F, Bergonzelli GE,
Corthesy-Theulaz I, Fioramonti J, Bueno L. Synergy between lactobacillus
paracasei and its bacterial products to counteract stress-induced gut
permeability and sensitivity increase in rats. J Nutr. 2007;137(8):1901–7.
Ferrante RJ, Kubilus JK, Lee J, Ryu H, Beesen A, Zucker B, Smith K, Kowall
NW, Ratan RR, Luthi-Carter R, Hersch SM. Histone deacetylase inhibition by
sodium butyrate chemotherapy ameliorates the neurodegenerative
phenotype in Huntington's disease mice. J Neurosci. 2003;23(28):9418–27.
Foley S, Garsed K, Singh G, Duroudier NP, Swan C, Hall IP, Zaitoun A,
Bennett A, Marsden C, Holmes G, Walls A, Spiller RC. Impaired uptake of
serotonin by platelets from patients with irritable bowel syndrome
correlates with duodenal immune activation. Gastroenterology. 2011;140(5):
1434–1443 e1431.
Ford AC, Quigley EM, Lacy BE, Lembo AJ, Saito YA, Schiller LR, Soffer EE,
Spiegel BM, Moayyedi P. Efficacy of prebiotics, probiotics, and synbiotics in
irritable bowel syndrome and chronic idiopathic constipation: systematic
review and meta-analysis. Am J Gastroenterol. 2014;109(10):1547–61 quiz
1546, 1562.
Gareau MG, Jury J, MacQueen G, Sherman PM, Perdue MH. Probiotic
treatment of rat pups normalises corticosterone release and ameliorates
colonic dysfunction induced by maternal separation. Gut. 2007;56(11):
1522–8.
Gareau MG, Jury J, Yang PC, MacQueen G, Perdue MH. Neonatal maternal
separation causes colonic dysfunction in rat pups including impaired host
resistance. Pediatr Res. 2006;59(1):83–8.
Gareau MG, Sherman PM, Walker WA. Probiotics and the gut microbiota
in intestinal health and disease. Nat Rev Gastroenterol Hepatol. 2010;
7(9):503–14.
Gawronska A, Dziechciarz P, Horvath A, Szajewska H. A randomized doubleblind placebo-controlled trial of lactobacillus GG for abdominal pain
disorders in children. Aliment Pharmacol Ther. 2007;25(2):177–84.
Gensollen T, Iyer SS, Kasper DL, Blumberg RS. How colonization by
microbiota in early life shapes the immune system. Science. 2016;352(6285):
539–44.
Greenwood-Van Meerveld B, Johnson AC. Stress-induced chronic visceral
pain of gastrointestinal origin. Front Syst Neurosci. 2017;11:86.
Guandalini S, Magazzu G, Chiaro A, La Balestra V, Di Nardo G, Gopalan S,
Sibal A, Romano C, Canani RB, Lionetti P, Setty M. VSL#3 improves
symptoms in children with irritable bowel syndrome: a multicenter,
randomized, placebo-controlled, double-blind, crossover study. J Pediatr
Gastroenterol Nutr. 2010;51(1):24–30.
Hata T, Asano Y, Yoshihara K, Kimura-Todani T, Miyata N, Zhang XT, Takakura
S, Aiba Y, Koga Y, Sudo N. Regulation of gut luminal serotonin by
commensal microbiota in mice. PLoS One. 2017;12(7):e0180745.
Hungin AP, Whorwell PJ, Tack J, Mearin F. The prevalence, patterns and
impact of irritable bowel syndrome: an international survey of 40,000
subjects. Aliment Pharmacol Ther. 2003;17(5):643–50.
Hyland NP, Cryan JF. Microbe-host interactions: influence of the gut
microbiota on the enteric nervous system. Dev Biol. 2016;417(2):182–7.
Johnsen PH, Hilpusch F, Cavanagh JP, Leikanger IS, Kolstad C, Valle PC, Goll
R. Faecal microbiota transplantation versus placebo for moderate-to-severe
irritable bowel syndrome: a double-blind, randomised, placebo-controlled,
parallel-group, single-Centre trial. Lancet Gastroenterol Hepatol. 2018;3(1):
17–24.
Kerckhoffs AP, ter Linde JJ, Akkermans LM, Samsom M. SERT and TPH-1
mRNA expression are reduced in irritable bowel syndrome patients
regardless of visceral sensitivity state in large intestine. Am J Physiol
Gastrointest Liver Physiol. 2012;302(9):G1053–60.
Kim HJ, Vazquez Roque MI, Camilleri M, Stephens D, Burton DD, Baxter K,
Thomforde G, Zinsmeister AR. A randomized controlled trial of a probiotic
combination VSL# 3 and placebo in irritable bowel syndrome with bloating.
Neurogastroenterol Motil. 2005;17(5):687–96.
Kim SE, Choi SC, Park KS, Park MI, Shin JE, Lee TH, Jung KW, Koo HS, Myung
SJ. Constipation research group of Korean Society of N. and motility.
Change of fecal Flora and Effectiveness of the short-term VSL#3 probiotic
treatment in patients with functional constipation. J Neurogastroenterol
Motil. 2015;21(1):111–20.
King TS, Elia M, Hunter JO. Abnormal colonic fermentation in irritable bowel
syndrome. Lancet. 1998;352(9135):1187–9.

Page 7 of 8

42. Klem F, Wadhwa A, Prokop LJ, Sundt WJ, Farrugia G, Camilleri M, Singh S,
Grover M. Prevalence, risk factors, and outcomes of irritable bowel
syndrome after infectious enteritis: a systematic review and meta-analysis.
Gastroenterology. 2017;152(5):1042–1054 e1041.
43. Kundu P, Blacher E, Elinav E, Pettersson S. Our gut microbiome: the evolving
inner self. Cell. 2017;171(7):1481–93.
44. Laval L, Martin R, Natividad JN, Chain F, Miquel S, Desclee de Maredsous C,
Capronnier S, Sokol H, Verdu EF, van Hylckama Vlieg JE, Bermudez-Humaran
LG, Smokvina T, Langella P. Lactobacillus rhamnosus CNCM I-3690 and the
commensal bacterium Faecalibacterium prausnitzii A2-165 exhibit similar
protective effects to induced barrier hyper-permeability in mice. Gut
Microbes. 2015;6(1):1–9.
45. Levenson JM, O'Riordan KJ, Brown KD, Trinh MA, Molfese DL, Sweatt JD.
Regulation of histone acetylation during memory formation in the
hippocampus. J Biol Chem. 2004;279(39):40545–59.
46. Lloyd-Price J, Abu-Ali G, Huttenhower C. The healthy human microbiome.
Genome Med. 2016;8(1):51.
47. Lyte M. Microbial endocrinology and the microbiota-gut-brain axis. Adv Exp
Med Biol. 2014;817:3–24.
48. Mawe GM, Hoffman JM. Serotonin signalling in the gut--functions,
dysfunctions and therapeutic targets. Nat Rev Gastroenterol Hepatol. 2013;
10(8):473–86.
49. McVey Neufeld KA, Mao YK, Bienenstock J, Foster JA, Kunze WA. The
microbiome is essential for normal gut intrinsic primary afferent neuron
excitability in the mouse. Neurogastroenterol Motil. 2013;25(2):183–e188.
50. Michail S, Kenche H. Gut microbiota is not modified by randomized,
double-blind, placebo-controlled trial of VSL#3 in diarrhea-predominant
irritable bowel syndrome. Probiotics Antimicrob Proteins. 2011;3(1):1–7.
51. Mogensen TH. Pathogen recognition and inflammatory signaling in innate
immune defenses. Clin Microbiol Rev. 2009;22(2):240–73 Table of Contents.
52. Moles L, Gomez M, Heilig H, Bustos G, Fuentes S, de Vos W, Fernandez L,
Rodriguez JM, Jimenez E. Bacterial diversity in meconium of preterm
neonates and evolution of their fecal microbiota during the first month of
life. PLoS One. 2013;8(6):e66986.
53. O'Mahony SM, Felice VD, Nally K, Savignac HM, Claesson MJ, Scully P,
Woznicki J, Hyland NP, Shanahan F, Quigley EM, Marchesi JR, O'Toole PW,
Dinan TG, Cryan JF. Disturbance of the gut microbiota in early-life
selectively affects visceral pain in adulthood without impacting cognitive or
anxiety-related behaviors in male rats. Neuroscience. 2014;277:885–901.
54. O'Mahony SM, Hyland NP, Dinan TG, Cryan JF. Maternal separation as a model
of brain-gut axis dysfunction. Psychopharmacology. 2011;214(1):71–88.
55. Obata Y, Pachnis V. The effect of microbiota and the immune system on
the development and Organization of the Enteric Nervous System.
Gastroenterology. 2016;151(5):836–44.
56. Paineau D, Payen F, Panserieu S, Coulombier G, Sobaszek A, Lartigau I,
Brabet M, Galmiche JP, Tripodi D, Sacher-Huvelin S, Chapalain V,
Zourabichvili O, Respondek F, Wagner A, Bornet FR. The effects of regular
consumption of short-chain fructo-oligosaccharides on digestive comfort of
subjects with minor functional bowel disorders. Br J Nutr. 2008;99(2):311–8.
57. Palmer C, Bik EM, DiGiulio DB, Relman DA, Brown PO. Development of the
human infant intestinal microbiota. PLoS Biol. 2007;5(7):e177.
58. Perez-Burgos A, Wang L, McVey Neufeld KA, Mao YK, Ahmadzai M, Janssen
LJ, Stanisz AM, Bienenstock J, Kunze WA. The TRPV1 channel in rodents is a
major target for antinociceptive effect of the probiotic lactobacillus reuteri
DSM 17938. J Physiol. 2015;593(17):3943–57.
59. Pinn DM, Aroniadis OC, Brandt LJ. Is fecal microbiota transplantation the
answer for irritable bowel syndrome? A single-center experience. Am J
Gastroenterol. 2014;109(11):1831–2.
60. Pusceddu MM, El Aidy S, Crispie F, O'Sullivan O, Cotter P, Stanton C, Kelly P,
Cryan JF, Dinan TG. N-3 polyunsaturated fatty acids (PUFAs) reverse the
impact of early-life stress on the gut microbiota. PLoS One. 2015;10(10):
e0139721.
61. Pusceddu MM, Murray K, Gareau MG. Targeting the microbiota, from
irritable bowel syndrome to mood disorders: focus on probiotics and
prebiotics. Curr Pathobiol Rep. 2018;6(1):1–13.
62. Quigley EM, Bytzer P, Jones R, Mearin F. Irritable bowel syndrome: the
burden and unmet needs in Europe. Dig Liver Dis. 2006;38(10):717–23.
63. Rajilic-Stojanovic M, Biagi E, Heilig HG, Kajander K, Kekkonen RA, Tims S,
de Vos WM. Global and deep molecular analysis of microbiota signatures in
fecal samples from patients with irritable bowel syndrome.
Gastroenterology. 2011;141(5):1792–801.

Pusceddu and Gareau Journal of Biomedical Science (2018) 25:73

64. Rodrigues DM, Sousa AJ, Johnson-Henry KC, Sherman PM, Gareau MG.
Probiotics are effective for the prevention and treatment of Citrobacter
rodentium-induced colitis in mice. J Infect Dis. 2012;206(1):99–109.
65. Rothhammer V, Borucki DM, Tjon EC, Takenaka MC, Chao C-C, ArduraFabregat A, de Lima KA, Gutiérrez-Vázquez C, Hewson P, Staszewski O, Blain
M, Healy L, Neziraj T, Borio M, Wheeler M, Dragin LL, Laplaud DA, Antel J,
Alvarez JI, Prinz M, Quintana FJ. Microglial control of astrocytes in response
to microbial metabolites. Nature. 2018;557(7707):724–8.
66. Rousseaux C, Thuru X, Gelot A, Barnich N, Neut C, Dubuquoy L, Dubuquoy
C, Merour E, Geboes K, Chamaillard M, Ouwehand A, Leyer G, Carcano D,
Colombel JF, Ardid D, Desreumaux P. Lactobacillus acidophilus modulates
intestinal pain and induces opioid and cannabinoid receptors. Nat Med.
2007;13(1):35–7.
67. Sengupta JN. Visceral pain: the neurophysiological mechanism. Handb Exp
Pharmacol. 2009;194:31–74.
68. Si JM, Yu YC, Fan YJ, Chen SJ. Intestinal microecology and quality of life in
irritable bowel syndrome patients. World J Gastroenterol. 2004;10(12):1802–5.
69. SM OM, Dinan TG, Cryan JF. The gut microbiota as a key regulator of
visceral pain. Pain. 2017;158(Suppl 1):S19–28.
70. Soderholm JD, Yates DA, Gareau MG, Yang PC, MacQueen G, Perdue MH.
Neonatal maternal separation predisposes adult rats to colonic barrier
dysfunction in response to mild stress. Am J Physiol Gastrointest Liver
Physiol. 2002;283(6):G1257–63.
71. Soubieres A, Wilson P, Poullis A, Wilkins J, Rance M. Burden of irritable
bowel syndrome in an increasingly cost-aware National Health Service.
Frontline Gastroenterol. 2015;6(4):246–51.
72. Tack J, Broekaert D, Corsetti M, Fischler B, Janssens J. Influence of acute
serotonin reuptake inhibition on colonic sensorimotor function in man.
Aliment Pharmacol Ther. 2006;23(2):265–74.
73. Tissier H. Recherches sur la flore intestinale des nourrissons (état normal et
pathologique), Méd.--Paris, 1900.
74. Verdu EF, Bercik P, Verma-Gandhu M, Huang XX, Blennerhassett P, Jackson
W, Mao Y, Wang L, Rochat F, Collins SM. Specific probiotic therapy
attenuates antibiotic induced visceral hypersensitivity in mice. Gut. 2006;
55(2):182–90.
75. Whorwell PJ, Altringer L, Morel J, Bond Y, Charbonneau D, O'Mahony L,
Kiely B, Shanahan F, Quigley EM. Efficacy of an encapsulated probiotic
Bifidobacterium infantis 35624 in women with irritable bowel syndrome.
Am J Gastroenterol. 2006;101(7):1581–90.
76. Widgerow AD, Kalaria S. Pain mediators and wound healing--establishing
the connection. Burns. 2012;38(7):951–9.
77. Yano JM, Yu K, Donaldson GP, Shastri GG, Ann P, Ma L, Nagler CR, Ismagilov
RF, Mazmanian SK, Hsiao EY. Indigenous bacteria from the gut microbiota
regulate host serotonin biosynthesis. Cell. 2015;161(2):264–76.
78. Yarlagadda A, Alfson E, Clayton AH. The blood brain barrier and the role of
cytokines in neuropsychiatry. Psychiatry (Edgmont). 2009;6(11):18–22.

Page 8 of 8

