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It’s a gut feeling: How the gut microbiota affects the state
of mind
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Abstract Common human experience shows that stress and anxiety may modulate gut function.
Such observations have been combined with an increasing evidence base that has culminated in
the concept of the brain–gut axis. Nevertheless, it has not been until recently that the gut and its
attendant components have been considered to influence higher cerebral function and behaviour
per se. Moreover, the proposal that the gut and the bacteria contained therein (collectively referred
to as the microbiota) can modulate mood and behaviours, has an increasing body of supporting
evidence, albeit largely derived from animal studies. The gut microbiota is a dynamic and diverse
ecosystem and forms a symbiotic relationship with the host. Herein we describe the components
of the gut microbiota and mechanisms by which it can influence neural development, complex
behaviours and nociception. Furthermore, we propose the novel concept of a ‘state of gut’ rather
than a state of mind, particularly in relation to functional bowel disorders. Finally, we address
the exciting possibility that the gut microbiota may offer a novel area of therapeutic intervention
across a diverse array of both affective and gastrointestinal disorders.
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Introduction

It is almost a universal human experience that stress or
anxiety may modulate gut function, often culminating
in symptoms such as diarrhoea, nausea and discomfort.
Indeed, the influence that anxiety may exert on the
gastrointestinal (GI) tract is often reflected in common
phrases such as ‘butterflies in my stomach’ and ‘gut
feelings’. Nevertheless, it was not until the beginning
of the nineteenth century that such observations began
to be objectively investigated by luminaries in the field
such as William Beaumont. While the methodologies
and technologies utilized to evaluate GI function have
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advanced since these early days, the relationship between
emotional state and gut function, both in health and
disease, remain prominent in the contemporaneous
research agenda. Arguably, the most unequivocal evidence
of the brain’s influence on human GI function derives
from reports of alterations of this function following
lesions within the CNS. Perhaps the most frequently
encountered clinical instance is that of dysphagia following
a cerebrovascular accident (Hamdy et al. 1997). Further
examples include gastric emptying delay occurring as a
consequence of spinal cord transection or constipation
related to Parkinson’s disease (Gunterberg et al. 1976;
Fealey et al. 1984). Despite these insights, it was not until
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the advent of a number of neurophysiological techniques,
that these interactions have been studied non-invasively
in vivo. This increased understanding has led to the
development of the concept of the brain–gut axis, a
bidirectional intercommunication between the gut and the
brain, providing an explanation of both normal activity
and acute and chronic perturbations of GI function
(Camilleri & Di Lorenzo, 2012). Moreover, this model of
circuitous communication underpins the biopsychosocial
concept, first explicitly formulated by George Engel in
the late 1970s, postulates that all illnesses, but especially
in GI disorders, result from a complex reciprocal inter-
action between biological/genetic, psychological and
social factors (Engel, 1977).

Despite the brain–gut axis being by definition
bidirectional, it is a recent concept that the gut, and
its attendant components, may influence higher cerebral
function and behaviour per se (Hughes et al. 2013).
Moreover, the postulation that the gut and its micro-
biota can modulate mood and behaviours has an
increasing body of supporting evidence, albeit in its
infancy. In this review, we describe the components of
the gut microbiota and mechanisms by which it can
influence neural development, complex behaviours and
nociception. Furthermore, we shall address the intriguing
possibility that gut microbiota may offer a novel area
of therapeutic intervention across a diverse array of GI
disorders. Finally, we propose an innovative concept of a
‘state of gut’ rather than a state of mind.

Human gut microbiota

The human microbiota is a diverse and dynamic
ecosystem, which has evolved to form a symbiotic
relationship with the host. Cell for cell, the microbiota
outnumbers host cells by a factor of 10. An estimated
1014 microorganisms populate the adult gut (Ley et al.
2006). Before birth, the human perinatal gut is a sterile
environment and is vertically inoculated from the mother
during birth. The ecosystem, established during the first
year and refined over the course of an individual’s life,
is determined in part by genetics, ethnicity, diet and the
environment (Dominguez-Bello et al. 2011). The micro-
biota helps safeguard the host from external pathogens,
aids in the metabolism of polysaccharides and lipids,
modulates intestinal motility, in addition to modulating
visceral perception (Montiel-Castro et al. 2013). The
microbiota also acts as a source of neurochemicals used
to regulate a vast array of physiological and psychological
processes. For example, the microbiota is the source of
approximately 95% of the body’s 5-hydroxytryptamine, a
critical neurotransmitter in the modulation of GI motility
and mood (Sommer & Backhed, 2013). The human GI
microbiota commences in the oral cavity, containing

approximately 102–3 colony forming units of bacteria per
gram of saliva. This rises to 1010–12 colony forming units
per gram of faeces in the colon comprising of between
400 and 1000 different species (Bercik, 2011). Firmicutes
(60–80%) and Bacteroides (20–40%) are the two pre-
dominant bacterial phylotypes (Eckburg et al. 2005). The
majority of the constituents of these phyla do not grow
outside the host (Ley et al. 2006). These bacteria are
classified from phylum to species level (see Fig. 1).

Microbiome brain–gut axis: A circuitous relationship.
The bidirectional communication between the brain and
the gut is facilitated through a number of pathways,
including the autonomic and enteric nervous systems, the
neuroendocrine system and the immune system (Rhee
et al. 2009). The gut has its own dense independent
neural network, which is capable of functioning even
after connections to the CNS have been severed. The
primary neural conduit for this communication between
the gut and the CNS is the parasympathetic nervous
system and its main substrate, the vagus nerve comprising
of both afferent and efferent limbs. Recently, there has
been a considerable reappraisal of the manner in which
the periphery and CNS communicate as a result of the
growing body of experimental data from animal studies
focused on the microbiota (De Vadder et al. 2014). This
evidence has provided a rational basis for the importance
of the ‘bottom-up’ influence of microbes themselves,
with several studies showing that commensal bacteria are
important to CNS function.

Central nervous system influences on the microbiota.
The CNS can influence composition of the GI micro-
biota directly or indirectly. Direct alterations are exerted
by the intraluminal action of neurotransmitters, such as
5-hydroxytrapamine released by enterochromaffin cells,
neurones and immune cells located in the lamina propria.
Indirectly, changes in the composition of the micro-
biota may occur through fluctuations in GI motility and
secretion (El Aidy et al. 2012). Modification of GI motility
can be accompanied by marked changes in blood flow and
therefore nutrient delivery and availability to the micro-
biota (Rhee et al. 2009).

Microbiota to central nervous system communication.
There is accumulating evidence that the microbiota
can influence behaviour via the CNS; however, the
mechanisms by which such communication occurs are
incompletely understood. For example, external factors
such as stress or depression influence the course of
GI diseases such as irritable bowel syndrome (IBS)
and inflammatory bowel disease (IBD) (Goodhand &
Rampton, 2008). Furthermore, stress can alter the
integrity of the GI epithelium, modulate GI motility and
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induce the release of catecholamines and cortisol that
impact on intestinal immunity and cytokine production
(see Fig. 2) (Chen et al. 2013). All of these factors can
have a direct or indirect influence on gut microbiota
composition.

The use of germ-free animals has facilitated the
evaluation of the role of the microbiota on many aspects

of GI physiology. This approach takes advantage of the
fact that the uterine environment is sterile and that
colonization of the gut occurs in the direct postnatal
period. Germ-free animals, most commonly rodents, are
maintained in a sterile environment thereby eliminating
postnatal colonization. Such a stratagem allows the
direct comparison with conventionally reared animals

Figure 1
Top panel, the major constituents of the gut microbiota in humans classified according to phylum, class, order,
family and genus. Bottom panel, the relative concentrations of microorganisms in the gut from the foregut to the
hindgut (Cryan & Dinan, 2012).
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although the sterile uterine premise has recently been
questioned in humans (Funkhouser & Bordenstein,
2013). Nevertheless, in a series of elegant experiments,
to address the question of whether the microbiome can
influence the CNS both at the neuronal and behavioural
levels (Cryan & O’Mahony, 2011). Using such techniques,
Bercik et al. (2011) demonstrated that the microbiota
influence the CNS by observing that behavioural traits
of donor mice can be adoptively transferred into
adult germ-free mice of a different strain via the gut
microbiota. This study exploited well-documented
differences in behavioural traits and the microbiota
profiles of strains of laboratory mice. BALB/c mice exhibit
anxiety-like behaviour, but when germ-free BALB/c mice
are colonized with the microbiota from affable Swiss

mice, they exhibit more exploratory behaviour than
their un-colonized counterparts. Conversely, germ-free
Swiss mice colonized with the microbiota from BALB/c
mice exhibit a reduction in exploratory behaviour.
Moreover, these changes in behavioural traits were
associated with alterations in brain-derived neurotrophic
factor (BDNF) in the hippocampal region, a critical
neurotrophic protein involved in neuronal growth
and survival. In an influential study published in the
Journal of Physiology, Sudo et al. (2004) demonstrated
that at the neuronal level, germ-free animals had a
relative paucity of BDNF and reduced expression of the
N-methyl-D-aspartate receptor subunit 2A in the cortex
and hippocampus compared with controls. Interestingly,
alterations of BDNF have been implicated in anxiety

Figure 2. Bidirectional brain–gut–microbiota pathways
Multiple pathways, including but not limited to neural, endocrine and immune, exist in which the gastrointestinal
microbiota may modulate the brain (Cryan & Dinan, 2012). ACTH, adrenocorticotrophic hormone; CRF, cortico-
trophin releasing hormone.
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states, although further work is needed to clarify the
absolute molecular contribution to behavioural change
(Cryan & Sweeney, 2011). This evidence highlighting
‘bottom-up’ is counterbalanced by studies investigating
the ‘top-down’ influence, i.e. the effect of mood
manipulation on the microbiota. For example, in a mouse
model, the induction of chronic depression has been
shown to alter both the microbial profile and colonic
motor activity, through a mechanism dependent on
the hypothalamic–pituitary–adrenal axis (Park et al.
2013). The maintenance of the intraluminal environment
for healthy microbiota requires nucleotide-binding
oligomerization domain protein-like receptors,
pyrin-domain containing (NLRP)-6 inflammasomes.
Sun et al. (2013) demonstrated that stress inhibits
NLRP6 thereby influencing the composition of the gut
microbiota, which culminates in inflammation of the
GI tract. Such evidence offers the enticing translational
prospect that modulation of the GI microbiota may
present a potential therapeutic strategy for stress-related
disorders and for modulating the affective disorders that
are frequently comorbid with functional bowel diseases.
Although these studies, and others, provide evidence that
the microbiota influences brain function on a real-time
basis, to date there is a paucity of information regarding
the mechanisms underlying this link. While germ-free
mice have provided insights, their use is limited by the fact
that their immune systems fail to have the opportunity
to mature. Furthermore, these studies entrust DNA
sequencing per se to identify the gut microbiota. In future
such sequencing approaches will need to be combined
with metabolomic and transcriptomic techniques to
develop a mechanistic appreciation of the processes
involved (Collins et al. 2012). Whether such murine
models are concordant with human disease states remains
to be elucidated.

A state of gut (microbiota)?

Mood disorders are common across a diverse array of
GI disorders, including IBD, coeliac disease, non-coeliac
gluten sensitivity, lactose intolerance and IBS (Cho et al.
2011; Goodhand et al. 2012; Smith & Gerdes, 2012).
IBS is a prevalent disorder, characterized by abdominal
pain and change in bowel habit, whose pathogenesis
is incompletely understood. Conventionally, IBS is sub-
typed according to the predominant stool pattern with
diarrhoea and constipation being the most prevalent.
The development of culture independent techniques
has facilitated considerable advances to be made in
ascertaining the role of the microbiota in these sub-
types (Simren et al. 2013). A recent study by Jeffery
et al. (2012) performed pyrosequencing analysis of the
composition of faecal microbiota and demonstrated two
species-specific subtypes of IBS, which were independent

of symptom-based classification. The first of these
showed a microbial composition similar to normal,
while the second was characterized by an increase in
Firmicutes-associated taxa with a relative depletion of
Bacteroides-related taxa. The implication of these data
is that in the future, GI microbial enterotyping may
facilitate stratifications of IBS subpopulations. However,
currently, such methods have limited practicality as a
routine clinical biomarker as they are resource and labour
intensive (Arumugam et al. 2011). Pimentel et al. (2011)
have reported the combined results of two phase III
trials evaluating the utility of the non-absorbable anti-
biotic rifaximin in non-constipated IBS, demonstrating a
small but significant improvement of global symptoms,
bloating, abdominal pain, and loose or watery stools. In
IBD, preliminary data also suggest that rifaximin may
offer a therapeutic benefit in inducing and maintaining
remission (Guslandi, 2011). The potential therapeutic
activity of rifaximin in IBD and IBS warrants further
investigation and replication in larger, controlled studies.

IBS can also occur after an enteric infection, where it is
termed postinfectious IBS (PI-IBS), or if as a sequelae
of amoebiasis, post-amoebiasis IBS (Neal et al. 2002).
While the overwhelming majority of individuals who
develop bacterial gastroenteritis have acute self-limiting
symptoms, between 4 and 32% of patients develop
symptoms consistent with IBS that outlast the initial
infection (Ghoshal & Ranjan, 2011). IBS symptoms have
been documented after a variety of enteric pathogens,
including Campylobacter, Salmonella, Shigella strains
and Escherichia coli. Indeed, public health disasters
such as the E. coli outbreak in Walkerton (Ontario,
Canada) have afforded researchers the opportunity to
prospectively study the natural history, pathophysiology
and genetic susceptibility of PI-IBS at the population
level (Garg et al. 2005). Although there is an absence
of universally applicable pathophysiological features,
intestinal inflammation, alterations in GI motility and
mucosal permeability have all been implicated in PI-IBS.
The increased recognition and appreciation of PI-IBS as a
clinical entity has facilitated the prospective examination
of the role of psychological factors. Early data, sub-
sequently confirmed by others, has shown that at the
time of the initial infectious illness those who had higher
scores for anxiety, depression, somatization, and neuro-
ticism were more likely to develop symptom chronicity
(Gwee et al. 1996). Although these studies have resulted
in pathophysiological insights being made, it is entirely
possible that the initial infectious pathogen causes an
alteration in mood, culminating in the modulation
of behavioural traits and symptom chronicity. Taking
evidence from both human and animal studies, we
propose that an acute insult to the gut microbiota
can cause central changes culminating in alterations in
both mood and behaviour in susceptible individuals
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(see Fig. 3. Clearly, this proposition warrants further
exploration and objective assessment in stringently
designed population-based longitudinal studies.

Interest in the microbiota and the metabolome has
not been confined to disorders of the GI tract. Notably,
animal evidence has implicated these factors in neuro-
developmental disorders, which may have salience the pre-
valent disorders of autism and ‘pervasive developmental
disorder, not otherwise specified’ (Hsiao et al. 2013;
Desbonnet et al. 2014). These observations were extended
to children with autism, ‘pervasive developmental
disorder, not otherwise specified’ in comparison to healthy
control, where De Angelis et al. observed significant
differences in bacterial phyla between the three groups (De
Angelis et al. 2013). Therefore, demonstrable differences

in gut microbiota have important implications regarding
the development of a disease-specific biomarker(s) as well
as treatment and, potentially, prevention.

Therapeutic manipulation of the microbiota: A new
hope? Worldwide, there is considerable commercial
interest in the gut microbiota as indexed by the expanding
markets for probiotics, some of which have shown
significant benefits in the setting of clinical trials of GI
disorders (Aziz et al. 2013). Bravo et al. (2011) have
elegantly demonstrated that chronic administration of
Lactobacillus rhamnosus in mice induces region dependent
alterations in GABA receptor expression in the CNS,
which has been implicated in the pathogenesis of anxiety

Figure 3. A schematic representation of the mood and cognitive effects of the microbiota. In murine
models (top) evidence suggests that behaviours can be influenced through microbiota transfer between
species
We propose that a similar mechanism may also exert behavioural effects in humans (bottom) after an enteric
infection. BDNF, brain-derived neurotrophic factor; IBS, irritable bowel syndrome; NMDA, N-methyl-D-aspartate.
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and depression. Further evidence suggests that probiotics
may prevent the development of changes in brain activity
in mice in response to chronic stress (Ait-Belgnaoui
et al. 2014). In humans, Tillisch et al. (2013) have
shown that consumption of fermented milk product
with probiotic affected activity of brain regions that
control central processing of emotion and sensation using
functional brain imaging. These data suggest that certain
organisms may prove to be useful therapeutic adjuncts
in stress-related disorders, although well-designed
controlled human trials are needed to further evaluate
this interesting concept (Saulnier et al. 2013).

A further hypothesis that offers an interesting line
of investigation regarding their mechanism of action is
that of the psychological/behavioural therapies, such as
relaxation therapy, hypnotherapy or cognitive behavioural
therapy. Such therapies could potentially modify efferent
vagal and/or hypothalamic–pituitary–adrenal axis
function thereby possibly modifying the intestinal
microbiota.

Conclusions

Considering the gut’s multi-faceted capacity to
communicate with the CNS, it is implausible that the
gut and its components are not playing a crucial role in
resultant mood and behaviours. Exciting evidence from
animal studies has provided the rationale to warrant
further exploration in humans, both in health and disease.
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