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Abstract
Irritable bowel syndrome (IBS) is an extremely preva-
lent but poorly understood gastrointestinal disorder. 
Consequently, there are no clear diagnostic markers to 
help diagnose the disorder and treatment options are 
limited to management of the symptoms. The concept 
of a dysregulated gut-brain axis has been adopted as 
a suitable model for the disorder. The gut microbiome 
may play an important role in the onset and exacerba-
tion of symptoms in the disorder and has been exten-
sively studied in this context. Although a causal role 
cannot yet be inferred from the clinical studies which 
have attempted to characterise the gut microbiota in 
IBS, they do confirm alterations in both community 
stability and diversity. Moreover, it has been reliably 

demonstrated that manipulation of the microbiota can 
influence the key symptoms, including abdominal pain 
and bowel habit, and other prominent features of IBS. A 
variety of strategies have been taken to study these in-
teractions, including probiotics, antibiotics, faecal trans-
plantations and the use of germ-free animals. There 
are clear mechanisms through which the microbiota can 
produce these effects, both humoral and neural. Taken 
together, these findings firmly establish the microbiota 
as a critical node in the gut-brain axis and one which is 
amenable to therapeutic interventions.
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Core tip: A dysregulated gut-brain axis may be respon-
sible for the main features of irritable bowel syndrome 
(IBS). However, the role of the gut microbiota is an 
underappreciated but critical node in this construct. 
Numerous clinical studies have documented various 
alterations in the composition of the gut microbiota in 
IBS, indicating defects in stability and diversity of this 
virtual organ. Manipulation of the gut microbiome in-
fluences the symptom profile in IBS and clear mecha-
nisms have been elucidated to explain these interac-
tions. This has important clinical implications and may 
offer hope for future treatment options to alleviate the 
suffering caused by this debilitating disorder.
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INTRODUCTION
Irritable bowel syndrome (IBS) is the most common func-
tional gastrointestinal (GI) disorder accounting for up to 
50% of  visits to general practitioners for GI complaints[1]. 
Despite considerable research efforts, adequate treatment 
of  GI symptoms in IBS has proved a considerable chal-
lenge and remains a venture undermined by a poorly 
understood pathophysiology[2]. That such a rudimentary 
grasp of  this debilitating condition persists despite a high 
worldwide community prevalence, between 10%-25% 
in developed countries, offers some perspective on the 
complex character of  the disorder[3-5]. Impairments in 
the quality of  life of  afflicted individuals are associated 
with a chronic symptom profile incorporating abdominal 
pain, bloating and abnormal defecation[6]. Patients with 
IBS were painfully aware of  the kind of  signals the gut 
can send to the brain long before the concept of  a dys-
regulated gut-brain axis emerged as the favoured expla-
nation for their travails[7]. This bidirectional communica-
tion system provided the basis for incremental and much 
needed improvements in our understanding of  IBS[8]. In 
parallel, it has become increasingly apparent that the gut 
microbiome constitutes a critical node within this axis in 
both health and disease[9-11].

In this review, we briefly detail the key components 
of  the microbiota-gut-brain axis and critically evaluate 
the evidence, both direct and indirect, supporting a role 
for microbiome perturbations in IBS. The ability of  this 
virtual organ to influence the gut-brain axis and relevant 
behaviours is explored and putative mechanisms out-
lined. Finally, we discuss the diagnostic and therapeutic 
implications arising from this corpus of  knowledge.

MICROBIOME-GUT-BRAIN AXIS
The microbiome-gut-brain axis comprises a number 
of  fundamental elements including the central nervous 
system (CNS), the neuroendocrine and neuroimmune 
systems, both the sympathetic and parasympathetic limbs 
of  the autonomic nervous system, the enteric nervous 
system (ENS) and, of  course, the gut microbiome[9,12]. 
Signalling along the axis is facilitated by a complex re-
flex network of  afferent fibers projecting to integrative 
cortical CNS structures and efferent projections to the 
smooth muscle in the intestinal wall[13]. Thus, a triad of  
neural, hormonal and immunological lines of  communi-
cation combine to allow the brain to influence the mo-
tor, sensory, autonomic and secretory functions of  the 
gastrointestinal tract (Figure 1). These same connections 
allow the gastrointestinal tract to modulate brain func-
tion[7,10]. Although reciprocal communication between 
the ENS and the CNS is well described, the proposed 
role of  the gut microbiota within this construct remains 
to be fully defined. The commitment to building a more 
complete picture of  our legion of  gastrointestinal in-
habitants in both health and disease and their myriad of  
functions is clear from large-scale projects such as the 
NIH funded Human Microbiome Project[3]. Thus, it is 

becoming increasingly certain that our gut microbiome 
has a hand in virtually all aspects of  normal physiological 
processes including those immunological features which 
buttress the gut-brain axis[14,15]. Interestingly, in the con-
text of  IBS as a stress-related disorder, the composition 
of  the gut microbiota can be influenced by stressors[16,17] 
and the gut microbiome can itself  regulate the host en-
docrine repertoire[18,19].

IBS AND MICROBIOME: DIRECT 
EVIDENCE
The true nature of  gut microbiota disturbances in IBS 
and the functional consequences remains elusive and 
although direct evidence for alterations does exist, it is 
perhaps not as conclusive or consistent as one might 
expect for consideration as a prototypical microbiome-
gut-brain axis disorder (Table 1). Much of  the evidence 
predates the metagenomic approaches which now domi-
nate this terrain and these early studies indicated subtle 
qualitative and quantitative alterations as well as a tem-
poral instability in the composition of  the microbiota in 
IBS compared to healthy controls[20-24]. Since a stable but 
diverse microbiota is generally considered beneficial to 
health, these studies provided a plausible basis to further 
consider shifts in microbiota composition as a patho-
genic factor in IBS.

Although no consensus has emerged regarding the 
precise differences which are present, the application 
of  modern high-throughput culture-independent tech-
niques of  superior resolution has largely supported the 
general thrust of  the earlier findings[25]. At the phylum 
level, one of  the more consistent findings across tech-
niques appears to be the enrichment of  Firmicutes and 
a reduced abundance of  Bacteroidetes[26-28]. Such altera-
tions may contribute to the reported lower diversity in 
the gut microbiota of  IBS subjects compared to healthy 
controls[29-31]. More work remains to determine whether 
the Rome Ⅲ defined subtypes of  IBS[32] are reflected in 
distinct microbiota conformations but it has been re-
ported that there is a lower abundance of  mucosa-asso-
ciated Bifidobacteria in diarrhea predominant IBS (IBS-D) 
compared to constipation predominant IBS (IBS-C) 
patients[33]. There are also reports of  subtype specific 
faecal microbiome compositions in children with IBS[34]. 
Interestingly, it has also been reported that children diag-
nosed with IBS-D also have a lower abundance of  some 
members of  the Bifidobacterium genera compared to 
healthy controls[35]. This suggests that alterations in the 
gut microbiota occur early in life and could be a chronic 
feature of  IBS across the lifespan but this possibility re-
quires further investigation and verification. The applica-
tion of  pyrosequencing technology to faecal samples has 
yielded a number of  interesting findings including co-
horts within the overall IBS group with both an altered 
and similar microbiota compared to healthy controls 
suggesting that microbiota differences might only be a 
feature in a subset of  IBS patients[27]. Of  further note 
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in this study was the presence of  distinct microbiota 
defined subtypes of  IBS among those cohorts with an 
altered microbiota which were unrelated to the Rome Ⅲ 
defined categories.

Differential microbiota compositions might not nec-
essarily have functional consequences but there are some 
indications that the reported alterations have relevance 
for symptom expression in IBS. Of  note is the report 
in healthy adults that subjects who experienced pain, as-
sessed by questionnaire, over the 7 wk duration of  the 
study had over five-fold less Bifidobacteria compared to 
those without pain[36]. However, in general, the associa-
tion between specific symptoms and microbiota altera-

tions remains under-investigated in IBS. Studies which 
have examined this topic have reported associations be-
tween stool frequency and musoca-associated Bifidobacte-
ria and Lactobacilli[33], a correlation between Firmicutes and 
Proteobacteria and symptom scores[28] as well as a correla-
tion between symptom scores and a Ruminococcus-torques-
like phylotype[37].

Although the findings discussed above affirm the 
likelihood of  a perturbed microbiome in IBS, some cau-
tion is advisable and a number of  caveats should be con-
sidered before reaching this conclusion. All studies, not 
just those concerned with characterising the microbiota, 
must contend with the considerable heterogeneity within 
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Figure 1  Microbiome-gut-brain Axis. The central nervous system (CNS) and enteric nervous system (ENS) communicate along vagal and autonomic pathways 
to modulate many gastrointestinal (GI) functions. The enteric microbiota influence the development and function of the ENS and immune system which affects CNS 
function. The hypothalamic pituitary adrenal (HPA) axis forms a key component of brain-gut signalling, responding to stress or heightened immune activity. Mood and 
various cognitive processes can mediate top-down bottom / bottom-up signalling. The HPA axis can be activated in response to environmental stress or by elevated 
systemic proinflammatory cytokines. Cortisol released from the adrenal glands feeds back to the pituitary, hypothalamus (HYP), amygdala (AMG), hippocampus (HIPP) 
and prefrontal cortex (PFC) to shut off the HPA axis. Cortisol released from the adrenals has a predominantly anti-inflammatory role on the systemic and GI immune 
system. In response to stress, GI activity can be altered and corticotropin releasing factor (CRF) increased. Stress can increase systemic proinflammatory cytokines 
which can act at the pituitary to activate the HPA axis and can signal to the central nervous system via the vagus nerve, which also transmits changes due to mast cell 
activation in the GI tract.
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Table 1  Microbiota alterations in irritable bowel syndrome
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Sample type/method Subjects recruited Key finding Ref.

Faecal microbiota (at 3 mo intervals)/Q-PCR 
(covering about 300 bacterial species)

IBS (27, Rome Ⅱ Criteria; IBS-D = 
12; IBS-C = 9; IBS-A = 6); Healthy 

Controls (22)

Decreased Lactobacillus spp in IBS-D; Increased Veillonella spp 
in IBS-C; Differences in the Clostridium coccoides subgroup and 

Bifidobacterium catenulatum group between IBS patients and 
controls

[22]

Faecal microbiota/Q-PCR (10 bacterial 
groups), Culture, HPLC

IBS (26, Rome Ⅱ/Ⅲ; IBS-D = 8; 
IBS-C = 11, IBS-A = 7); Healthy 

Controls (26)

Higher counts of Veillonella and Lactobacillus in IBS vs controls; 
Higher levels of acetic acid, propionic acid and total organic 

acids in IBS vs controls

[52]

Faecal microbiota(0, 3, 6 mo)/Culture-based 
techniques, PCR-DGGE analysis

IBS (26, Rome Ⅱ; IBS-D = 12; 
IBS-C = 9; IBS-A = 5); Healthy 

Controls (25)

More temporal instability in IBS group; No difference in the 
bacteroides, bifidobacteria, spore-forming bacteria, lactobacilli, 

enterococci or yeasts, Slightly higher numbers of coliforms as 
well as an increased aerobe:anaerobe ratio in IBS group

[23]

Faecal microbiota/DNA-based PCR-DGGE, 
RNA-based RT-PCR-DGGE

IBS (16, Rome Ⅱ; IBS-D = 7; IBS-C 
= 6; IBS-A = 3); Healthy Controls 

(16)

Higher instability of the bacterial population in IBS compared 
to controls; Decreased proportion of C. coccoides-Eubacterium 

rectale in IBS-C

[24]

Faecal Microbiota/GC Fractionation, 16S 
ribosomal RNA gene cloning and clone 
sequencing, qRT-PCR

IBS (24, Rome Ⅱ; IBS-D = 10; 
IBS-C = 8; IBS-A = 6); Healthy 

Controls (23)

Significant differences in phylotypes belonging to the genera 
Coprococcus, Collinsella and Coprobacillus

[20]

Faecal Microbiota/GC Fractionation, 16S 
ribosomal RNA gene cloning and clone 
sequencing, qRT-PCR

IBS (12, Rome Ⅱ, All IBS-D); 
Healthy Controls (22)

Significant differences between clone libraries of IBS-D pa-
tients and controls; Microbial communities of IBS-D patients 

enriched in Proteobacteria and Firmicutes, reduced Actinobacteria 
and Bacteroidetes compared to control; Greater abundance of 

the family Lachnospiraceae in IBS-D

[26]

Faecal Microbiota/qRT-PCR IBS (20, Rome Ⅱ; IBS-D = 8; IBS-C 
= 8; IBS-M = 4); Healthy Controls 

(15)

Intestinal microbiota of the IBS-D patients differed from 
other sample groups; A phylotype with 85% similarity to C. 
thermosuccinogenes significantly different between IBS-D and 

controls/IBS-M; A phylotype with 94% similarity to R. torques 
more prevalent in IBS-D than controls; A phylotype with 93% 

similarity to R. torques was altered in IBS-M compared to 
controls; R. bromii-like phylotype altered in IBS-C comparison 

to controls

[244]

Faecal Microbiota/DGGE 16s rRNA IBS (11, Rome Ⅱ); Healthy Con-
trols (22)

Biodiversity of the bacterial species was significantly lower in 
IBS than controls; presence of B. vulgatus, B. ovatus, B. uniformis 

and Parabacteroides sp. in healthy volunteers distinguished 
them from IBS

[31]

Faecal Microbiota/DGGE 16s rRNA, qRT-PCR, 
GC-MS

IBS (11, Rome Ⅱ; Non-IBS pa-
tients (8)

IBS subjects had a significantly higher diversity Bacteroide-
tes and Lactobacillus groups; Less diversity for Bifidobacteria 

and C. coccoides; Elevated levels of amino acids and phenolic 
compounds in IBS which correlated with the abundance of 

Lactobacilli and Clostridium

[51]

Faecal Microbiota and sigmoid colon biopsies/
DGGE 16s rRNA

IBS (47, Rome Ⅱ); Healthy Con-
trols (33)

Significant difference in mean similarity index between IBS 
and healthy controls; Significantly more variation in the gut 

microbiota of healthy volunteers than that of IBS patients

[29]

Faecal Microbiota and brush duodenal 
samples/FISH + qRT-PCR

IBS (41, Rome Ⅱ; IBS-D = 14, 
IBS-C = 11; IBS-A = 16); Healthy 

Controls (26)

2-fold decrease in the level of bifidobacteria in IBS patients 
compared to healthy subjects; no major differences in other 
bacterial groups. At the species level, B. catenulatum signifi-

cantly lower in IBS patients in both faecal and duodenal brush 
samples than in healthy subjects

[21]

Faecal Microbiota and brush duodenal 
samples/DGGE 16s rRNA, q-RT-PCR

IBS (37, Rome Ⅱ; IBS-D = 13, 
IBS-C = 11; IBS-A = 13); Healthy 

Controls (20)

Higher levels P. aeruginosa in the small intestine and faeces of 
IBS than healthy subjects

[47]

Faecal Microbiota and colonic mucosal 
samples/Culture, qRT-PCR

IBS (10, Rome Ⅲ, all IBS-D); 
Healthy Controls (10)

Significant reduction in the concentration of aerobic bacteria in 
faecal samples from D-IBS patients when compared to healthy 
controls 3.6 fold increase in concentrations of faecal Lactobacil-
lus species between D-IBS and healthy controls; No significant 
differences were observed in the levels of aerobic or anaerobic 

bacteria in colonic mucosal samples between D-IBS patients 
healthy controls; No significant differences in mucosal samples 
between groups for Clostridium, Bacteroides, Bifidobacterium and 

Lactobacillus species and E. coli

[46]

Faecal Microbiota and colonic mucosal 
samples/T-RFLP) fingerprinting of the bacterial 
16S rRNA gene

IBS (16, Rome Ⅲ, All IBS-D); 
Healthy Controls (21)

1.2-fold lower biodiversity of microbes within faecal samples 
from D-IBS compared to healthy controls; No difference in 

biodiversity of mucosal samples between D-IBS and healthy 
controls

[30]
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this patient group. There is no doubt that this lack of  
uniformity contributes to some of  the inconsistencies in 
the reported data and larger studies are required which 
factor in not just IBS subtypes but also the influence of  
gender, genetics, presence of  comorbidities, whether the 
patients recruited are in the active or quiescent phase at 
the time of  sampling and increased standardisation in 
healthy control cohorts[38]. This feature is then superim-
posed on our rapidly evolving impressions of  what con-
stitutes a healthy microbiome which is highly individual 
specific but still lacks full definition[39-41]. Diet plays a ma-
jor role in shaping the gut microbiota[42-44] and given the 
often self-imposed dietary restriction practises among 
the IBS population[45], it is difficult to rule out the possi-
bility that the observed alterations are a consequence of  
these changes. Indeed, in isolation, the studies outlined 
do not clearly establish a causal role for the microbiome 
in IBS and the alterations described could be a conse-
quence not just of  dietary alterations but also the main 
GI symptoms, which wax and wane, as well as the al-
tered stress reactivity.

Considerable debate also exists surrounding the sample 
type used across the various studies. Practical logistical 
reasons favour faecal sampling protocols but this strat-
egy fails to capture the complexity of  the gut microbiota 

and the clear distinction between the mucosa-associated 
and lumen residing microbiota. There is also a microbi-
ota gradient along the gastrointestinal tract which is not 
captured by a faecal microbiota analysis. Although some 
studies have logically attempted to link alterations in 
the faecal microbiota with disturbances in the musosa-
associated microbial complement[21,29,30,33,46,47], the precise 
relationship between altered composition, diversity and/
or stability in the faecal compartment and microbe-
mucosa interactions remains to be fully defined. Indeed, 
the subtleties of  any equilibrium between these differ-
ent microbial niches is the subject of  on-going inves-
tigation in both and health and disease and we cannot 
yet confidently predict how one affects the other, either 
positively or negatively. Other methodological consider-
ations relating to the merits and limitations of  the vari-
ety of  techniques which have been used to characterise 
the microbiome in IBS are likely to have contributed to 
some of  the inconsistencies reported[48,49]. The conse-
quences of  any altered composition are less frequently 
reported although a number of  interesting studies have 
taken this approach[50-52] which is likely to feature more 
prominently as the field undertakes to establish not just 
who is or isn’t there but also what they are or are not 
doing.
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Faecal Microbiota/Phylogenetic microarray, 
qRT-PCR

IBS (62, Rome Ⅱ; IBS-D = 25; 
IBS-C = 18; IBS-A = 19); Healthy 

Controls (46)

2-fold increased ratio of the Firmicutes to Bacteroidetes in IBS; 
1.5-fold increase in numbers of Dorea, Ruminococcus and 

Clostridium spp; 2-fold decrease in the number of Bacteroidetes; 
1.5-fold decrease in Bifidobacterium and Faecalibacterium spp; 

4-fold lower average number of methanogens

[28]

Rectal biopsies/FISH IBS (47, Rome Ⅲ; IBS-D = 27, 
IBS-C = 20); Healthy Controls (26)

Greater numbers of total mucosa-associated bacteria per 
mm of rectal epithelium in IBS than controls, comprised of 

bacteroides and Eubacterium rectale-C. coccoides; Bifidobacteria 
lower in the IBS-D group than in the IBS-C group and controls; 
Maximum number of stools per day negatively correlated with 
the number of mucosa-associated Bifidobacteria and Lactobacilli 

only in IBS

[33]

Faecal Microbiota/16s rRNA amplicon pyro-
sequencing

IBS (37, Rome Ⅱ; IBS-D = 15, 
IBS-C = 10, IBS-A = 12); Healthy 

Controls (20)

IBS subgroup (n = 22) defined by large microbiota-wide 
changes with an increase of Firmicutes-associated taxa and a 

depletion of Bacteroidetes-related taxa

[27]

Faecal Microbiota/Phylogenetic microarray, 
qRT-PCR

IBS (23, Rome Ⅱ; IBS-D = 12, PI-
IBS = 11); 11 Healthy Controls 
(11); Subjects who 6 mo after 

gastroenteritis experienced no 
bowel dysfunction (PI-nonBD, 
n = 12) or had recurrent bowel 

dysfunction (PI-BD, n = 11)

Bacterial profile of 27 genus-like groups separated patient 
groups and controls; Faecal microbiota of patients with PI-
IBS differs from that of healthy controls and resembles that 
of patients with IBS-D; Members of Bacteroidetes phylum 

were increased 12-fold in patients, while healthy controls had 
35-fold more uncultured Clostridia; Correlation between index 
of microbial dysbiosis and amino acid synthesis, cell junction 

integrity and inflammatory response

[50]

Faecal Microbiota/Phylogenetic Microbiota 
Array, high-throughput DNA sequencing, 
r-RT- PCR, FISH

IBS (22, pediatric Rome Ⅲ, All 
IBS-D); Healthy Controls (22)

At the higher taxonomical level gut microbiota was similar 
between healthy and IBS-D children. Levels of Veillonella, 

Prevotella, Lactobacillus and Parasporo bacterium increased in 
IBS, Bifidobacterium and Verrucomicrobium less abundant in IBS

[35]

Faecal Microbiota/16s rRNA pyrosequencing, 
DNA microarray (Phylochip)

IBS (22, Pediatric Rome Ⅲ; IBS-D 
= 1, IBS-C = 13; IBS-U = 7, other = 

1); Healthy Controls (22)

Greater percentage of the class gamma-proteobacteria in IBS 
compared to controls; Novel Ruminococcus-like microbe as-

sociated with IBS; Greater frequency of pain in IBS correlated 
with an increased abundance of several bacterial taxa from the 

genus Alistipes

[34]

IBS (D/C/A/U): Irritable bowel syndrome (diarrhoea/constipation/alternating/unsub typed); PI: Post-infectious; Q: Quantitative; DGGE: Denaturing 
gradient gel electrophoresis; qRT: Quantitative reverse transcriptase; PCR: Polymerase chain reaction; HPLC: High performance liquid chromatography; 
GC: Gas chromatograph; DNA: Deoxyribonucleic acid; RNA: Ribonucleic acid; rRNA: Ribosomal ribonucleic acid; FISH: Fluorescence in situ hybridization;  
T-RFLP: Terminal restriction fragment length polymorphism.
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IBS AND MICROBIOME: INDIRECT 
EVIDENCE
The lack of  consensus in studies which have sought to di-
rectly quantify microbiota alterations in IBS has prompted 
the consideration of  alternative but more indirect lines of  
support. These approaches are in line with the recognised 
requirement for a better knowledge of  the mechanisms 
through which changes in microbiota composition can 
promote disease to help the transition for correlation to 
causation[53,54].

An endorsement of  the importance of  the gut mi-
crobiome is taken from the emergence of  IBS following 
an enteric infection, post-infectious IBS (PI-IBS), which 
bears most similarity to IBS-D[55]. One of  the highest 
incidences of  this phenomenon, 36%, was reported fol-
lowing a gastroenteritis outbreak in Walkerton due to 
contamination of  the town water supply[56]. The ability 
of  certain probiotic strains to ameliorate some symp-
toms of  IBS also indicts dysbiosis of  the microbiota as 
an important factor in the disorder[57]. Interestingly, anti-
biotic usage has been linked with both an increased risk 
for IBS[58,59] as well having some beneficial effects as in 
the case of  rifaximin[60,61]. Small intestinal bacterial over-
growth (SIBO) has also been proposed as a factor in IBS 
and while it can be responsible for IBS-like symptoms, it 
remains a controversial topic and inadequately substanti-
ated[62]. The presence of  low grade inflammation could 
potentially be driven by an altered microbiota composi-
tion and in turn support a proinflammatory microbial 
community and offers a further strand of  support[8,25,63]. 

Taken together, this direct and indirect evidence makes 
a plausible case to include the microbiome as a critical 
conceptual node in a framework for understanding the 
disorder.

IBS SYMPTOMS AND MICROBIOTA
If  gut microbiome disturbances are pertinent to IBS, 
then this virtual organ should demonstrate an ability to 
influence the canonical symptoms of  the disorder as well 
as other prominent behavioural alterations. In addition, 
it should be possible to therapeutically target the micro-
biome to ameliorate the symptoms which are purported 
to be under its influence. This certainly seems to be the 
case for the abdominal pain component of  the disorder 
which is underpinned by visceral hypersensitivity (Fig-
ure 2) in a large proportion of  individuals with IBS[64-66]. 
It appears, for example, that the visceral hypersensitivity 
phenotype characteristic of  IBS can be transferred via the 
microbiota of  IBS patients to previously germ-free rats[67]. 
In other preclinical approaches, visceral hypersensitivity 
is also induced following manipulation of  the intestinal 
microbiome with antibiotics[68] and following deliberate in-
fection[69,70] or endotoxin administration[71]. Moreover, ma-
ternal separation, an early-life stress based animal model 
of  IBS, produces an adult phenotype with both an altered 
microbiota and visceral hypersensitivity[13,17].

From a therapeutic perspective, certain probiotic strains, 
such as B. infantis 35624 and Lactobacillus acidophilus, can 
ameliorate colonic hypersensitivity in animal models[72-74] 
and this and other probiotic strains are also of  some ben-
efit in clinical populations[57,75]. Interestingly, visceral hy-
persensitivity due to chronic psychological stress in mice 
can be prevented by pre-treatment with oral rifaximin[76]. 
Also of  note is that mast cells have been implicated as 
a downstream mediator of  microbiota-driven immune 
alterations in the pain component of  IBS[77-80] and a mast 
cell stabiliser, disodium cromoglycate, can reverse colonic 
visceral hypersensitivity in a stress-sensitive rat strain used 
to model IBS[81].

Although not simply a bowel habit disorder of  dis-
rupted gastrointestinal motility and transit[82], it does 
appear likely that these features might at least partially 
explain the altered defecatory patterns that are typical 
of  IBS[83]. Clearly, it has long been known that both en-
teric infections and antibiotics can induce diarrhoea[84,85]. 
Certain strains of  probiotic have demonstrated efficacy 
for the treatment of  diarrhoea[86]. Thus, a role for the 
microbiota in the regulation of  colonic motility has been 
proposed[87] and the interaction between the intestinal 
microbiota and the gastrointestinal tract also regulates 
absorption, secretion and intestinal permeability[88]. The 
olfactory bulbectomy mouse model of  depression has 
recently been shown to have both an altered microbiota 
and aberrant colonic motility[89]. However, the effect of  
the gut microbiota on gastrointestinal transit is complex 
and studies in humanized mice indicate that while GI 
transit can be regulated by the microbiota, this is a diet-
dependent feature[90]. Of  course, gut motor patterns can 
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where visceral sensory and pain signals reach the conscious awareness. These 
regions mediate the cognitive processing of visceral signals and integrate mood 
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also influence the microbiota, highlighting further the bi-
directional, intricate nature of  the relationship[91]. Studies 
in mice indicate a role for gut microbial products in the 
regulation of  gastrointestinal motility via toll-like recep-
tor 4 (TLR4)[92]. Given the recent association between 
this receptor and the control of  stress-induced visceral 
pain in mice[93], it may represent an interesting target for 
modulation of  two cardinal features of  IBS.

Psychiatric comorbidity in IBS
It is well established that psychiatric comorbidities, par-
ticularly anxiety and depression, are common among 
patients with IBS[94,95]. Although concerns about the 
screening instruments such as the Hospital Anxiety and 
Depression Scale (HADS) used in research studies are 
noted[96-98], psychiatric co-morbidity is readily identifi-
able in IBS when well validated instruments such as the 
structured clinical interview for DSM-IV-TR are em-
ployed[99]. Following acute gastroenteritis, prior anxiety 
and depression has been identified as a risk factor for 
the subsequent development of  PI-IBS[100,101]. Higher 
anxiety and depression scores have also been reported in 
this population following the initial infection[102]. Prena-
tal infection can also result in a depressive phenotype in 
adult mice[103]. Following endotoxin challenge in rodents, 
depressive-like behaviours can emerge once the initial 
inflammation-induced sickness behaviours subside[104]. 
This complexity indicates that a reciprocal relationship 
is likely, an important consideration when discussing the 
association between changes in the gut microbiota in 
IBS and central disturbances. Such alterations may then 
be secondary to changes in the composition of  the gut 
microbiota, or indeed, perturbations of  the gut micro-
biota, via pathways of  the brain-gut axis, may arise as a 
result of  changes in central function.

While as yet neither correlative or causative clinical 
studies exist that directly interrogate the qualitative and 
quantitative structure of  the gut microbiome in psy-
chiatric illnesses for abnormalities, there is now strong 
evidence from the preclinical literature that changes in 
the microbiome can influence these aspects of  brain and 
behaviour[12,14]. This is most convincing for anxiety-like 
behaviours and multiple independent teams of  research-
ers have confirmed in proof  of  principle studies that 
germ-free mice are less anxious than their conventionally 
colonised counterparts[105-107] while reintroduction of  the 
microbiota prior to critical time windows can normalise 
these behaviours[105]. Ablation of  the microbiota in mice 
using a non-absorbable antimicrobial cocktail reproduces 
this behavioural feature while it has also been established 
that this is a trait which is transmissible via the micro-
biota[108]. Interesting, in germ-free rats, absence of  the 
microbiota seems to confer elevated levels of  anxiety-
like behaviours[109] but regardless of  the direction of  the 
alterations, these studies confirm that this is a behaviour 
under the influence of  the microbiota. Deliberate infec-
tion of  the GI tract in mice also consistently produces an 
anxious phenotype[110-112] while certain probiotic strains 

may have anxiolytic potential[113].
Although there are now a number of  examples of  

animal models of  depression which have an altered 
microbiota[17,89,114], the preclinical evidence linking the 
microbiota to depressive-like behaviours is mostly de-
rived from probiotic studies where certain strains such 
as L. rhamnosus[115], B. infantis[116] and a formulation of  L. 
helveticus and B. longum displayed antidepressant like prop-
erties[117]. Interestingly, the latter study also demonstrated 
that at least in healthy volunteers, targeting the micro-
biota in this manner could alleviate psychological distress 
including an index of  depression.

Evidence from the clinical domain comes indirectly 
from the utility of  a variety of  antibacterial agents in the 
modulation of  depression. This includes, in addition to 
support from preclinical studies[118,119], preliminary clini-
cal confirmation that minocycline (a broad-spectrum 
tetracycline antibiotic) possesses antidepressant proper-
ties[120,121]. Whether this effect generalises to all tetracy-
cline antibiotics is not known but another member of  
this class, doxycycline, seems to have similar beneficial 
effects, at least in preclinical studies[122]. The mechanism 
of  action of  minocycline has been considered in the 
context of  neuroprotection, suppression of  microg-
lial activation or anti-inflammatory actions and it does 
reach clinically relevant concentrations in the CNS[123]. 
Even if  its anti-inflammatory action is distinct from its 
antimicrobial action as when used in preclinical stroke 
models[124], the action of  minocycline against bacteria 
in the gut now need to be considered in its putative an-
tidepressant effects. Indeed, a number of  other antimi-
crobial agents have shown some potential as antidepres-
sants but all have other relevant mechanisms of  action 
which have been preferentially adopted to explain their 
efficacy. This includes D-cycloserine[125] [antibiotic effec-
tive against tuberculosis which is also a partial agonist 
of  the N-methyl-D-asparate (NMDA) receptor] and cef-
triaxone[126] (a beta-lactam antibiotic that also stimulates 
uptake of  glutamate). Moreover, in aged populations 
fluoroquinolone antibiotics can potentially induced de-
pressive symptoms[127]. Similarly, norfloxacin (a quinoline 
antibiotic with antibacterial activity against gram-positive 
and gram-negative bacteria) has been linked with depres-
sive side effects in the clinic[128]. It is also interesting to 
note that iproniazid, a drug which in many ways sparked 
the monoamine hypothesis of  depression and heralded 
the psychopharmacological era in the management of  
depression, is primarily an antimicrobial agent whose 
antidepressant effects were presumed to be mediated via 
inhibition of  monoamine oxidase[129]. It would not be 
without irony if  future treatment options for depression, 
as has been suggested, focus instead on targeting the mi-
crobiota[114,130].

Cognition function in IBS
Extensive cognitive testing in germ-free animals has not 
been carried out, likely as it is logistically challenging and 
the difficulty in conducting the lengthy testing protocols 
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Table 2  Cognitive performance in irritable bowel syndrome

required while simultaneously maintaining the animal in 
a germ-free state should not be underestimated. Never-
theless, studies which have used the most feasible para-
digms such as novel object recognition and the T-maze 
have demonstrated non-spatial, hippocampal mediated, 
and working memory deficits[131]. In addition, germ-free 
animals also exhibit pronounced social-cognitive deficits 
relevant to neurodevelopmental disorders which can 
be partially ameliorated by bacterial colonisation of  the 
gut[132]. Studies in conventional mice have shown that 
infection with C. rodentium combined with acute stress, 
leads to memory dysfunction which could be prevented 
by daily administration of  a probiotic prior to infec-
tion[131], thus highlighting a complex interaction between 
stress and the gut microbiota on brain function. In addi-
tion, modulating the composition of  the gut microbiota 
using a specific diet has been shown to affect cognition 
in conventional mice[133,134].

Clinically, the influence of  microbial disturbances 
on cognitive performance has long been recognised in 
hepatic encephalopathy where cognitive impairment, 
which in some cases may present as dementia, can be 
reversed with oral antibiotic treatment[135,136]. Although 
data linking changes in the gut microbiota with cognitive 

function in IBS is currently lacking, there is nevertheless 
a growing body of  evidence that cognitive alterations 
may be a key feature of  IBS and other brain-gut axis 
disorders[7,137]. Initial studies focusing on cognitive func-
tion within the cognitive-behavioural model of  IBS[138,139] 
identified that patients exhibit greater attention to GI 
symptom and pain related stimuli (Table 2 for details). 
This enhanced attention to, and inability to re-direct at-
tention from, GI symptoms, purportedly maintains a 
continual cycle of  symptom exacerbation which can be 
ameliorated in some patients using cognitive-behavioural 
psychotherapeutic techniques (for extensive review of  
the cognitive-behavioural model of  IBS[137]).

An advanced understanding of  cognitive alterations 
in IBS has been provided by recent studies utilising well 
validated and sensitive neuropsychological measures with 
patients. For example, patients with IBS have been found 
to exhibit a hippocampal mediated visuospatial memory 
deficit which was related to hypothalamic-pituitary-
adrenal (HPA) axis activity[140]. In addition, a study em-
ploying functional brain imaging reported that patients 
were impaired on a test of  cognitive flexibility, whilst also 
displaying abnormal brain activity in frontal brain regions 
during the task[141]. However, there is a disparity in find-
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Cognitive domain Sample size:
IBS/Control/Other

IBS subtype Sex
Male:Female

Mean age
IBS/Control/Other

Key finding Ref.

Visuospatial memory 39/40 IBS-D = 7; IBS-C = 4; 
IBS-A = 28

6:33 (IBS) 28/28 Impaired performance which cor-
related with salivary cortisol levels

[140]
11:29 (Control)

40/41 N.S. 13:27 (IBS) 37/43 No group differences [245]
16:25 (Control)

Working memory 39/40 IBS-D = 7; IBS-C = 4; 
IBS-A = 28

6:33 (IBS) 28/28 No group differences [140]
11:29 (Control)

40/41 N.S. 13:27 (IBS) 37/43 No group differences [245]
16:25 (Control)

Cognitive flexibility 30/30 IBS-D = 13; IBS-C = 
13; IBS-A = 4

15:15 (IBS) 21/21 Impaired cognitive flexibility and 
altered frontal brain activity in IBS

[141]
15:15 (Control)

39/40 IBS-D = 7; IBS-C = 4; 
IBS-A = 28

6:33 (IBS) 28/28 No group differences [140]
11:29 (Control)

40/41 N.S. 13:27 (IBS) 37/43 No group differences [245]
16:25 (Control)

Selective attention 39/40 IBS-D = 7; IBS-C = 4; 
IBS-A = 28

6:33 (IBS) 28/28 No group differences [140]
11:29 (Control)

40/41 N.S. 13:27 (IBS) 37/43 No group differences [245]
16:25 (Control)

27/27 N.S. 3:24 (IBS) 45/42 No group differences [246]
3:24 (Control)

Reaction time 40/41 N.S. 13:27 (IBS) 37/43 No group differences [245]
16:25 (Control)

Affective attention 15/15 IBS-D = 6; IBS-C = 3; 
IBS-A = 3; Other = 3

4:11 (IBS) 30/30 Enhanced attention to GI symptom-
related words

[247]
5:10 (IBS)

20 (Rome Ⅱ Crite-
ria)/33

N.S. 2:18 (IBS) 31/27 Enhanced attention to pain-related 
words

[248]
12:21 (Control)

36 (Rome Ⅱ Cri-
teria)/40 (mixed 

organic GI disease)

N.S. 12:24 (IBS) 35/36 Enhanced recognition of GI-related 
words

[249]
16:24 (mixed or-
ganic GI disease)

Affective memory 30 (Manning crite-
ria)/30/28 (depressed 
patients)/28 (organic 

GI disease)

N.S. N.S. 36/35/38/27 (me-
dian age)

Enhanced recall of negative words 
compared to control and organic GI 
disease - no difference in compari-

son to depression group

[250]

GI: Gastrointestinal; IBS (D/C/A): Irritable bowel syndrome (diarrhoea/constipation/alternating); N.S.; Not specified.
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ings between studies (Table 2) which likely reflects the 
noted heterogeneity of  IBS and different approaches to 
subject matching on the basis of  demographic and other 
important variables. Regardless of  these methodological 
drawbacks, such studies have added to our understanding 
of  the complex behavioural phenotype of  IBS. When 
considering the gut microbiota mediated alterations in 
brain function and cognition that have been shown pre-
clinically[115,131,132,134], it is likely that an altered gut micro-
biota may leverage a significant influence on cognitive 
dysfunction in IBS. Of  note then, is a recent study in a 
healthy human population which has provided prelimi-
nary evidence that intake of  a fermented milk product 
with probiotic can modulate brain activity in regions in-
volved in mediating cognitive performance[142]. As such, 
interventions targeting the gut microbiota in IBS may 
prove beneficial in alleviating impaired cognition and as-
sociated central alterations.

STRESS, IBS AND THE GUT MICROBIOTA
Stress impacts greatly on virtually all aspects of  gut 
physiology relevant to IBS including motility, visceral 
perception, gastrointestinal secretion and intestinal per-
meability while also having negative effects on the intes-
tinal microbiota[17,143,144]. A maladaptive stress response 
may thus be fundamental to the initiation, persistence 
and severity of  symptoms in IBS as well as the stress-
related psychiatric comorbidities[145]. Although the find-
ings pertaining to HPA axis irregularities in IBS are far 
from consistent[8,137], the well validated Trier Social Stress 
Test (TSST)[146] has recently been used to demonstrate a 
sustained HPA axis response to an acute stress in IBS, 
possibly indicating an inability to appropriately shutdown 
the stress response[147].

Accumulating evidence suggests aberrant stress re-
sponses could be mediated via the gut microbiota. A 
landmark study by Sudo et al[148] neatly validated this 
possibility by demonstrating the absence of  a gut micro-
biota impaired control of  the stress response, at least in 
terms of  the exaggerated corticosterone production fol-
lowing acute stress in germ-free mice[148]. Subsequently 
independently replicated[105], the ability of  the microbiota 
to modulate the stress response is also evident follow-
ing probiotic administration[115], C. rodentium infection[131] 
and indeed following colonisation of  germ-free mice[148]. 
Many now view the gut microbiota as an endocrine or-
gan and as a key regulator of  the stress response[18,19]. It 
must also be acknowledged that whilst the microbiota 
can modulate the stress response, stress can also affect 
the composition of  the gut microbiota[17]. Thus, stress 
induced changes in the microbiota may precede any sub-
sequent GI and central disturbances in IBS.

Mechanisms
When considering the preclinical evidence reviewed above, 
and preliminary evidence from healthy humans[142] it ap-
pears that the perturbations in composition of  the gut 

microbiota may be considered as a primary factor in 
driving changes in central function in IBS. However, as 
IBS is a stress related disorder, the preclinical evidence 
indicating that chronic stress can alter the gut microbiota 
must also be borne in mind. As noted, stress and the gut 
microbiota have been shown to interact in a complex 
manner to influence brain function, at least in rodents[131] 
and it will be important to delineate this interaction in 
IBS. Nevertheless, when considering the gut microbiota 
as the primary factor in driving changes in central func-
tioning, a number of  potential mechanisms have been 
considered, with varying degrees of  evidence supporting 
both humoral and neural lines of  communication to the 
level of  the CNS as well as more localised effects from 
compositional alterations.

Tryptophan, an essential amino acid and precursor 
for the neurotransmitter serotonin (5-HT), in particular 
has received much attention (Figure 3). 5-HT is a key 
signalling molecule in the brain-gut axis, both in the en-
teric nervous system[149] and the CNS[150]. The informa-
tion gleaned from studies in germ-free animals suggests 
that the peripheral availability of  tryptophan, which is 
critical for CNS 5-HT synthesis, is coordinated by the 
gut microbiota[105]. Plasma tryptophan concentrations 
can be normalised following colonisation of  germ-free 
animals[105] and can also be augmented following admin-
istration of  the probiotic B. infantis[116]. How the bacteria 
in our gut regulate circulating tryptophan concentrations 
is unclear but may involve controlling the degradation 
of  tryptophan along an alternative and physiologically 
dominant metabolic route, the kynurenine pathway[151,152]. 
The enzymes responsible for the initial metabolic step 
in this pathway, indoleamine-2,3-dioxygenase (IDO) and 
tryptophan-2,3-dioxygenase (TDO), are immune and glu-
cocorticoid responsive respectively and the decreased ra-
tio of  kynurenine to tryptophan (an index of  IDO/TDO 
activity) in germ-free animals implicates this pathway in 
the reported alterations (Figure 4)[105]. Moreover, an in-
creased ratio is observed following infection with Trichuris 
Muris, likely due to increased IDO activity following the 
associated chronic gastrointestinal inflammation[153].

The relevance of  these preclinical findings to IBS is 
well reflected in the clinical literature which has demon-
strated increased IDO activity in both male and female 
IBS populations[154-156]. Interestingly, TLR receptors, 
which have altered expression and activity in both clini-
cal IBS populations[157,158] and animal models of  the dis-
order[159], might drive the low grade inflammation in IBS 
and mediate the immune consequences of  the misfiring 
engagement between the microbiota and the host in IBS. 
In this context, it is interesting to note that once TLR 
receptors are engaged by their cognate ligands, degra-
dation of  tryptophan can ensue in general[155,160,161] and 
there appears to be a differential TLR-specific pattern of  
kynurenine production in IBS[155].

There are also other potential explanations for the 
alterations in tryptophan supply due to microbiota al-
terations and in addition to the growth requirements 
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for bacteria[162], a bacteria-specific tryptophanase enzyme 
also recruits tryptophan for indole production[163,164]. One 
such bacteria, Bacteroides fragilis, harbours this enzyme and 
has recently been linked to gastrointestinal abnormali-
ties in autism spectrum disorders[165]. Of  further interest 
and adding to the complexity of  the narrative is that, 
in contrast to eukaryotes, bacteria retain a capacity for 
tryptophan biosynthesis via enzymes such as tryptophan 
synthase[166,167]. It seems a curious quirk of  the evolution-
ary process that we have lost the capacity for endogenous 
tryptophan synthesis, given the pivotal nature of  this ami-
no acid not alone as a precursor to serotonin, which itself  
has an expansive physiological repertoire[168], but also the 
other metabolic pathways it serves[150,151].

The production of  serotonin from tryptophan, at least 
in-vitro, is also possible in some bacterial strains[169-171]. 
Harnessing this knowledge to specifically target the 5-HT 
receptors and receptor subtypes expressed in the gut of  
most relevance to IBS[172-175] or indeed alternative recep-
tors activated by kynurenine pathway metabolites that 
interact with gastrointestinal functions[176] presents an 
interesting challenge. Similarly, whether we can accurately 
“titer” the gut microbiota to deliver precise circulating or 
regional tryptophan concentrations is an intriguing pos-
sibility but one beyond our current capabilities.

Of  course, immune system mediators and glucocor-
ticoids can impact both locally in the gut and at the level 
of  the CNS independently of  their effects on trypto-
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Figure 3  Tryptophan metabolism. Tryptophan is converted to 5-hydroxytryptophan by tryptophan hydroxylase (TPH) and this is the rate limiting step in the pathway. 
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phan metabolism and represent viable alternative routes 
through which the gut microbiota can modulate gut-brain 
axis signalling and influence IBS symptoms[14,19,104,177,178]. 
In addition, the more general concept of  a “leaky gut” 
has been proposed to explain the common feature of  
a low-grade circulating inflammation in both IBS itself  
and depression, which, as outlined above, is a prominent 
psychiatric comorbidity in IBS[179-182]. This model relies 
on the presence of  increased intestinal permeability in 
IBS which allows the gut microbiota to drive the re-
ported proinflammatory state and influence the CNS via 
the ensuing elevations in circulating cytokines[104] as well 
as visceral hypersensitivity via local gut mechanisms[183]. 
There is certainly accumulating evidence to support the 
hypothesis of  altered intestinal permeability, a compro-
mised integrity of  the intestinal epithelial barrier and re-
lated tight junction disturbances in IBS, if  not in depres-
sion[183-187].

Defects of  the intestinal epithelial barrier may also 
play a significant role in cognitive dysfunction in IBS. The 
maternal immune activation (MIA) mouse model produc-
es epithelial barrier defects, changes in the gut microbiota, 
and associated cognitive and behavioural features of  neu-
rodevelopmental disorders in rodents[188]. A recent study 
has provided strong evidence that maternal infection in 
the MIA model drives changes in the gut microbiota in 
the offspring, which subsequently leads to the cognitive 
and behavioural alterations in this model. Treatment with 
B. fragillis in MIA offspring restored gut barrier integrity 
and alleviated some of  the cognitive and behavioural de-

fects displayed by these animals[189]. Importantly, restora-
tion of  gut barrier integrity in MIA offspring appeared to 
stop a number of  neuroactive metabolites being released 
systemically to reach the CNS and affect behavioural and 
cognitive function[189]. Thus, when extrapolated to IBS, 
epithelial barrier dysfunction may lead to the release of  
numerous metabolites that could impact centrally and 
impair cognitive performance. Of  note, some probiotic 
strains have shown efficacy in repairing epithelial barrier 
function[190] in preclinical models which may also explain 
the efficacy in treating some GI symptoms in IBS[57]. If  
probiotics also prove beneficial in alleviating central dis-
turbances in IBS, this may potentially be via restoration 
of  epithelial barrier integrity leading to the reduction of  
harmful neuroactive metabolites being released from the 
gut and impacting centrally.

The gut microbiome can also be considered a meta-
bolic organ[191,192] and the array of  microbial metabolites 
produced can impact greatly on GI health and the gut-
brain axis scaffolding. Interestingly, dietary restriction 
of  fermentable carbohydrates (fermentable oligosac-
charides, disaccharides, monosaccharides and polyols: 
the low FODMAP diet) has received much attention for 
the management of  symptoms in IBS[193,194]. Although 
microbial metabolism of  carbohydrates, proteins and 
amino acids by human gut bacteria generates a variety of  
compounds[195], short chain fatty acids (SCFAs) may be 
of  particular importance in the context of  microbiome-
gut-brain axis signalling. For example, these organic acids 
are altered in IBS and may be related to symptoms[52,196]. 
Preclinically, administration of  sodium butyrate increases 
visceral sensitivity in rats[197]. Interestingly, it has recently 
been demonstrated that butyrate can regulate intestinal 
macrophage function via histone deacetylase inhibition[198] 
which is in line with the proposed epigenetic mechanism 
of  gut-brain axis dysfunction[199,200]. Butyrate can also 
mediate its immunomodulatory effects via G-protein 
coupled receptors[201] or indirectly via TLRs[202].

Receptors and transporters for SCFAs are expressed 
in the gastrointestinal tract and appear to be of  relevance 
to gastrointestinal function[203-208]. For example, SCFAs 
may modulate both 5-HT secretion[18] and peptide YY 
release, an important neuropeptide at multiple levels of  
the gut-brain axis[209]. Thus, there is patently a role for 
these microbial metabolites beyond the regulation of  
energy homeostasis[210]. Interestingly, intraventricular 
administration of  propionic acid in rats induces a variety 
of  behavioural alterations although it is unclear if  this 
occurs via similar mechanisms to the periphery[211]. It is 
worth noting that G protein-coupled receptor (GPR) 
41, a receptor activated by propionic acid, is highly ex-
pressed in rat brain tissue[212]. Although we know that 
fibre metabolized by the gut microbiota can increase the 
concentration of  circulating SCFAs[213], it remains to be 
established if  this is reflected at physiologically relevant 
concentrations in the CNS.

The gut microbiota can also engage neural mecha-
nisms to influence brain-gut axis signalling. In particular, 
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Figure 4  Impact of altered tryptophan metabolism in irritable bowel syn-
drome. In addition to serotonin, tryptophan can also be metabolised along the 
kynurenine pathway to generate neurotoxic and neuroprotective metabolites. 
The enzymes responsible for degradation along this pathway are immune 
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biota appears to directly or indirectly regulate enzyme activity.
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many of  the behavioural effects of  specific probiotic 
strains are abolished in vagotomized animals[113,115]. Germ-
free studies have confirmed that the presence of  intesti-
nal bacteria is also essential for normal postnatal devel-
opment of  the ENS[214] and for normal gut intrinsic pri-
mary afferent neuron excitability in the mouse[215]. Thus, 
there is direct evidence of  bacterial communication to 
the enteric nervous system while as indicated above, the 
microbiota is also a potential source of  relevant ENS 
neurotransmitters including serotonin and GABA[216-218]. 
Interestingly, colorectal distension induces specific of  
patterns of  prefrontal cortex activation in the viscer-
ally hypersensitive maternal separation model of  IBS, 
in which microbiota alterations are also manifested[219]. 
Taken together, it seems likely that the gut microbiota 
can modulate both the physiological information flow to 
the CNS via vagal afferents and the noxious information 
that is encoded by spinal afferents[10,220].

Implications and perspectives
Human microbiome science has become a focal point 
across multiple research domains and is now a main-
stream endeavour. The benefits of  the associated theo-
retical, practical and technological advances can be ac-
crued to advance research in IBS. From a diagnostic per-
spective, it is difficult on the basis of  the present clinical 
data to pinpoint with accuracy a microbiota-derived sig-
nature of  IBS. Conceptually, the notion of  the microbial 
community as a pathological entity is challenging for tra-
ditional biomarker approaches. Moreover, it is unclear if  
the current subtyping of  IBS according to the dominant 
bowel habit aligns with specific alterations in the micro-
biota. In fact, research points to subtypes defined by the 
microbiota which are bowel-habit independent[27,50,221]. 
The constant stream of  improvements in the technol-
ogy used to qualitatively and quantitatively describe the 
gut microbiome make it likely that if  a microbiota-based 
biosignature is present, it will be uncovered[49]. However, 
the challenges associated with analysis of  these datasets 
should not be underestimated and it will be interesting 
to see if  a format can be devised which would facilitate 
more routine and affordable screening.

The fact that the composition of  the gut microbiota 
is malleable make it an interesting therapeutic target. 
Of  the options available, certain probiotic strains have 
already shown some potential[57] while antibiotics also 
seem beneficial in some cases[222]. Probiotics are prob-
ably the more appealing option given their long record 
of  safety although as for their efficacy, this does need 
to be evaluated on a strain-by-strain basis[223]. Prebiotics 
should also be considered on the basis of  some studies 
indicating efficacy in the treatment of  GI symptoms in 
IBS[224-226], and preclinical data indicating that prebiotic 
administration can modulate levels of  important cogni-
tive and behavioural related neurotrophins such as brain 
derived neurotrophic factor (BDNF) and glutamatergic 
receptor expression[227]. Diet offers an alternative mecha-
nism to sculpt the gut microbiome[44] although it is diffi-

cult to grapple with the subtleties of  using the approach 
to engender a switch from a “diseased” to a “healthy” 
microbiota. It is also worth noting the capacity of  the 
gut microbiota to metabolise dietary components and 
associated health consequences, as in the case of  L-car-
nitine which is associated with cardiovascular risk[228].

There is much current interest in the therapeutic 
potential of  faecal microbiota transplantation[229]. This 
has largely stemmed from the demonstrated efficacy of  
donor faecal infusions in the treatment of  recurrent C. 
difficile[230-232]. However, there are legitimate safety con-
cerns regarding, for example, the provenance of  the do-
nor sample. The Food and Drug Administration (FDA) 
has taken a two track approach to its regulation strategy, 
opting not to enforce an investigational new drug (IND) 
requirement for use in C. difficile infections but adopt-
ing a stricter policy for other indications[229]. The IND 
requirement is an onerous and time consuming process 
which may impede or delay the emergence of  FMT as 
a potential treatment option for IBS, if  indeed it does 
prove effective. However, it is interesting to note the 
emergence of  stool banks like OpenBiome (http://www.
openbiome.org/) that provide screened, filtered, and 
frozen material ready for clinical use in the treatment of  
C. difficile. It is thus likely an extensive infrastructure will 
already be in place by the time FMT is more fully evalu-
ated in IBS.

The contribution of  the gut microbiome to drug 
metabolism, with potential implications for efficacy and 
toxicity, is also an emerging area of  interest[233]. Recently, 
for example, it has been demonstrated that digoxin, a 
cardiac drug, can be inactivated by the gut Actinobacte-
rium Eggerthella lenta[234]. Whether specific enzyme targets 
expressed by the microbiota can be selectively targeted 
to achieve desirable clinical outcomes is an interesting 
question[235] and may be of  relevance to IBS. Clearly, 
achieving a superior mechanistic understanding of  how 
the gut microbiota directly and indirectly affects drug 
metabolism could be of  great benefit[236]. This is likely a 
bidirectional relationship with host-targeted drugs also 
modulating the composition and activity of  the gut mi-
crobiome[237]. In this regard, it is interesting to note that 
the adverse impact of  olanzapine (an antipsychotic) on 
metabolic function, possibly mediated by alterations in 
microbiota composition, can be attenuated by concur-
rent antibiotic administration in rats[238,239]. Some mem-
bers of  the selective serotonin reuptake inhibitors (SSRIs) 
may also possess antimicrobial activity[240]. This will need 
to be considered in the context of  antidepressant agents 
used to treat IBS[241] or in any renewed attempts to more 
successfully target specific serotonergic receptors in the 
future[174,242]. The therapeutic potential in targeting mi-
crobial metabolites or their receptors (e.g. SCFAs) also 
warrants consideration[243].

CONCLUSION
There are biologically plausible mechanisms through 
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which the gut microbiome can influence both the car-
dinal symptoms and other prominent features of  IBS. 
Moreover, the outcomes of  a variety of  experimental 
strategies offer convincing evidence that this is indeed 
the case. Although no consensus exists on the precise 
compositional alteration of  the gut microbiota, the 
clinical data converges to support the concept of  a less 
diverse and unstable community of  bacteria in the dis-
order. While a causal role is yet to be verified clinically, it 
seems likely that this will be addressed once the neces-
sary longitudinal studies are embraced. Moving forward 
the concept of  IBS as a microbiome-gut-brain axis dis-
order offers a solid framework to further advance our 
understanding of  the disorder. This approach promises 
much needed diagnostic and therapeutic innovations, but 
requires a continued concerted effort from researchers 
and clinicians across multiple disciplines.
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