
Ther Adv Gastroenterol

2016, Vol. 9(3) 339 –353

DOI: 10.1177/ 
1756283X16630718

© The Author(s), 2016.  
Reprints and permissions:  
http://www.sagepub.co.uk/
journalsPermissions.nav

Therapeutic Advances in Gastroenterology

http://tag.sagepub.com 339

Introduction
Anatomic, endocrine and immune pathways of 
communication comprise the gut–brain (or brain–
gut) axis. In a bidirectional connection, the cen-
tral nervous system (CNS) sends information to 
the gut by the vagal, thoracolumbar and lumbosa-
cral nerve pathways [Berthoud and Neuhuber, 
2000; Brookes et al. 2013], or by soluble media-
tors, including various hormones, neurotransmit-
ters and cytokines [Stasi et  al. 2012; Dockray, 
2014]. Conversely, changes at an intestinal level 
can modulate central function using similar com-
munication strategies [Berthoud and Neuhuber, 
2000; Stasi et al. 2012; Dockray, 2014].

The continuous communication between gut and 
brain regulates various physiological events, for 
example, the induction of satiety upon leptin 
release from the gut [Hussain and Bloom, 2013]. 
However, this axis may suffer alterations, and fur-
thermore, there is comorbidity of gastrointestinal 
diseases and some CNS disorders. For example, 
clinical evidence indicates that mood disorders 
are commonly associated with gastrointestinal 

alterations, such as diarrhea or abdominal pain 
[Gros et  al. 2009]. On the other hand, patients 
that present with digestive problems or gastroin-
testinal discomfort, display signs of anxiety and 
depression more frequently than the general pop-
ulation [Cheng et al. 2003; Mussell et al. 2008].

All the above has led us to consider the brain–gut 
axis as a functional unit and therefore, treatment 
of one of its components may have therapeutic 
relevance for another component. This review 
explores pharmacological targets in the brain–gut 
axis with the potential of modulating intestinal 
tissue and/or CNS function.

Gut microbiota
A diverse microbial community inhabits the gas-
trointestinal lumen of higher animals and is on a 
delicate equilibrium with the host (Figure 1). 
This group of bacteria, fungi and viruses is known 
as the intestinal microbiota and its composition 
depends on the host species, age and nutritional 
state, among others [Moeller and Ochman, 2013; 
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David et  al. 2014]. In the case of the human 
microbiota, the bacteria alone outnumber by ten-
fold the host’s body cell count, and they contrib-
ute by approximately 150 times the amount of 
genes of the human genome [Qin et al. 2010].

Animals and their microbiota have evolved 
together in symbiotic association. For example, 
intestinal strains of Clostridium are able to modu-
late the host’s local immunity by affecting the 
number and function of mucosal CD4+ regula-
tory T cells [Atarashi et al. 2011]. Anomalies on 
the host–microbiota interaction or in the gut 
microbiota composition have been associated 
with pathologies such as obesity, type 2 diabetes, 
inflammatory bowel disease and allergies [Hansen 
et  al. 2014; Thomas et  al. 2014]. Interestingly, 
CNS pathologies such as autism, anxiety, depres-
sion and alcohol dependence have been related to 
dysbiosis, that is, perturbations in the amount or 
diversity of intestinal microbiota [Neufeld et  al. 
2011; De Angelis et  al. 2013; Park et  al. 2013; 
Leclercq et al. 2014], and therefore, the intestinal 
microbiota has been considered a potential thera-
peutic target for the above pathologies.

Changes on adult microbiota composition also 
affect the host’s behavior including activation of 

the hormonal axis of stress. Thus, it has been 
shown that treatment with probiotic bacteria 
such as Lactobacillus farciminis [Ait-Belgnaoui 
et  al. 2012] and Lactobacillus rhamnosus JB-1 
[Bravo et  al. 2011b] has the effect of reducing 
corticosterone levels in experimental animals. 
Furthermore, they generate anxiolytic and anti-
depressive effects on healthy mice [Bravo et  al. 
2011b]. Also, the administration of Lactobacillus 
helveticus NS8 has been shown to prevent depres-
sion-like behaviors induced by chronic stress in 
rats, to improve cognition, to decrease corticos-
terone and acetylcholine (ACTH) plasma levels 
and to restore the content of serotonin (5-HT), 
norepinephrine (NE) and brain-derived neuro-
trophic factor (BDNF) in the hippocampus 
[Liang et al. 2015]. These data strongly suggest 
that probiotic supplementation has the potential 
to improve many behavioral and neurochemical 
perturbations associated with depression.

Animal data have shown that induction of depres-
sion-like behavior is accompanied by intestinal 
dysbiosis, but the changes in microbiota composi-
tion in patients with major depressive disorder 
(MDD) are still not completely described. Jiang 
and colleagues found increased amounts of bac-
teroidetes, proteobacteria and actinobacteria in 

Figure 1. Cellular components in the intestine that can be targeted to modulate gut–brain axis activity. Gut 
microbiota is a source of antigens and other bioactive mediators. Commensal bacteria and intestinal mucus 
restrict mucosal colonization by pathogenic entities [Johansson et al. 2013; Hansen et al. 2014]. Junctional 
complexes between intestinal epithelial cells also limit translocation of luminal contents [Berkes et al. 2003]. 
Enteroendocrine cells, with a major role in the production of neurotransmitters and hormones, are also located 
in the epithelial layer [Bertrand and Bertrand, 2010; Dockray, 2014]. Immune cells, some of which are in close 
association with the intestinal mucosa, are in a privileged location to sense and respond to changes in microbiota 
composition [Daneman and Rescigno, 2009]. Enteric neurons and glia are organized in ganglia and also release 
soluble mediators that affect epithelial and immune functions in the gut [Gulbransen and Sharkey, 2012].
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stool samples from depressed patients, while fir-
micutes were significantly reduced compared with 
the healthy control group. Despite deep interindi-
vidual variability, levels of several predominant 
genera were significantly different between 
depressed patients and controls. In particular, the 
MDD group had increased levels of enterobacte-
ria and Alistipes but Faecalibacterium levels were 
reduced. Also, a negative correlation between 
Faecalibacterium and severity of depressive symp-
toms was observed [Jiang et al. 2015]. These find-
ings show either predominance of some potentially 
harmful bacteria groups, or a reduction of benefi-
cial bacteria in depressed patients.

Intestinal microbiota can be transferred from 
mothers to their offspring at the moment of birth. 
Therefore, it has been suggested that patients 
under stress or undergoing depression that have 
an altered composition of the intestinal microbiota, 
could also transfer the pathological condition to 
their offspring. Zijlmans and colleagues prospec-
tively investigated the development of the intesti-
nal microbiota as a potential pathway for linking 
prenatal stress and maternal child health. The 
results showed that maternal prenatal stress, 
established either by patient reports or through 
elevated baseline concentrations of salivary corti-
sol in the mother or both, was strongly associated 
with the composition of the microbiota of infants 
as determined by a phylogenetic microarray. 
Babies of mothers with high cumulative stress 
during pregnancy had significantly higher relative 
abundances of proteobacterial groups that are 
known to contain pathogens and less lactic acid 
bacteria. Furthermore, this altered colonization 
pattern was accompanied by infant gastrointesti-
nal symptoms and allergic reactions reported by 
their mothers. In conclusion, clear links were 
found between prenatal stress in the mother, and 
infant intestinal microbiota and health [Zijlmans 
et  al. 2015], suggesting a potential for bacterial 
interventions to improve the health and develop-
ment of pregnant women with stress and, conse-
quently, an improvement in infant health.

Transfer of fecal content from a healthy individual 
to a patient is a (somewhat controversial) strategy 
to restore protective intestinal microbiota. This 
kind of treatment has been used to reverse 
mucosal-barrier disruption caused by acute dys-
biosis such as that produced by recurrent 
Clostridium difficile infection [Rohlke and Stollman, 
2012], Staphylococcus aureus infection [Wei et al. 
2015a] or inflammatory bowel disease [Wei et al. 

2015b]. In humans and rodents [Li et al. 2015], 
fecal transplants allow re-establishing not only  
the intestinal microbial communities, but also 
immune networks that are also affected in the 
aforementioned gastrointestinal diseases.

The investigation of antibiotic-exposed animal 
models has given insight to the importance of 
intestinal microbiota in particular developmental 
windows. In mice, gut bacterial depletion from 
weaning onwards by means of chronic antibiotic 
treatment has an impact on anxiety and cognitive 
behaviors during adulthood, and affects key neu-
romodulators of the gut–brain communication 
(tryptophan, monoamines and neuropeptides) in 
a way that resembles the results reported in germ-
free mice [Desbonnet et  al. 2015]. These data 
suggest that, despite the presence of a normal 
intestinal microbiota in early postnatal life, dys-
regulation of the microbiota–gut–brain axis in the 
postweaning period may contribute to the patho-
genesis of disorders such as anxiety and altera-
tions in cognition. These data suggest not only 
that acquisition of gut microbes from postnatal 
day one onwards is important for CNS develop-
ment, but also suggest that at a juvenile age the 
microbiota is still shaping the way an individual 
copes with a stressful situation, making the juve-
nile microbiota an interesting pharmacological 
target for the treatment as well as prevention of 
stress-related pathologies.

Among the potential mechanisms involved in the 
beneficial effects observed after targeting gut 
microbiota, it has been suggested the modulation 
of blood–brain barrier (BBB) permeability. 
Braniste and colleagues found that germ-free mice 
displayed increased BBB permeability associated 
with reduced expression of the tight junction pro-
teins occludin and claudin-5. Conversely, expo-
sure of germ-free mice to gut microbiota obtained 
from pathogen-free mice decreased BBB permea-
bility and upregulated the expression of the tight-
junction proteins [Braniste et al. 2014]. Another 
potential therapeutic mechanism involves modu-
lation of the intestinal serotonergic system. Over 
90% of circulating serotonin (5-hydroxytriptamine 
or 5-HT) is produced by intestinal enterochro-
maffin cells (ECs), and as detailed further on, 
5-HT modulates bowel motor and secretory activ-
ities [Julio-Pieper et al. 2012]. ECs are exposed to 
a variety of bacteria, although the interaction 
mechanism is not clear. Kashyap and colleagues 
reported that germ-free mice, when recolonized 
with healthy human or mice fecal microbiota, 
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increased intestinal transit significantly [Kashyap 
et al. 2013]. This effect could be partially blocked 
by 5-HT3 and 5-HT4 receptor antagonists. The 
authors suggest that changes on 5-HT signaling in 
response to recolonization are due to alterations 
on the host’s serotonergic system.

Moreover, our research group has found that lac-
tobacilli are capable of modulating neuropeptide 
expression by human colonic epithelial cells in 
vitro. When Caco-2 cells were exposed to 
Lactobacillus casei L54-2-33 or Lactobacillus plan-
tarum L46-1-12, the mRNA expression of 
Urocortin 2, a neuropeptide involved in gastroin-
testinal emptying and visceral pain perception 
[Martinez et al. 2004], was modified (Figure 2). 
This indicates that microbiota components may 
be able to regulate intestinal motility and gut pain 
responses, indirectly via epithelial production of 
neuroactive mediators.

Microbiota-modifying strategies not only involve 
the use of antibiotics or probiotic bacteria. 
Prebiotics are indigestible components of the diet 
that stimulate the growth and activity of health-
promoting bacteria [Kashyap et  al. 2013]. Tarr 
and colleagues tested whether oligosaccharides 
naturally found in high levels in human milk were 
able to prevent or attenuate stress-induced intesti-
nal dysbiosis and anxiety-like behaviors in adult 
mice. Their study was the first to report that the 
prebiotics 3'sialyllactose and 6' sialyllactose  
prevented social stress-induced alterations in 
microbiota composition, prevented anxiety-like 
behaviors and the stress-induced reduction of 
immature hippocampal neurons [Tarr et al. 2015]. 
Given the impact of oligosaccharides on bacterial 
metabolism, future studies should evaluate the 
synergic effects of probiotic–prebiotic combina-
tions to prevent stress-induced disorders.

Intestinal microbiota composition and its altera-
tions affect the host’s health, having impact on 
both gastrointestinal tract and CNS. For this rea-
son the microbiota is considered a potential ther-
apeutic target for the treatment of behavioral 
disorders.

Intestinal epithelial layer
Along with being a highly selective physical barrier, 
local epithelium maintains intestinal homeostasis 
due to the coordinate action of its different cell 
types (Figure 1). Among them, enteroendocrine 
cells (EECs), located at the base of intestinal 

crypts, transduce mechanic and chemical signals 
from the intestinal lumen to neighbor cells and 
the local neuronal network in a paracrine/endo-
crine fashion [Crowell, 2004; Symonds et  al. 
2015]. Specific nutrient receptors in EECs are 
associated with distinct signaling pathways and 
lead to the release of a variety of mediators. For 
example, the protein breakdown product receptor 
GPR93 and the short-chain fatty-acid receptor 
FFAR2 are highly expressed in EECs of human 
and mouse large intestine [Symonds et al. 2015]. 
Upon nutrient activation, the release of neuroac-
tive molecules such as 5-HT and PYY is also dif-
ferentially modulated [Symonds et al. 2015].

ECs, a subset of EECs, are the main source of 
body 5-HT. The substrate for 5-HT synthesis is 
tryptophan, an essential amino acid which can be 
metabolized on the kynurenic acid pathway and 
the 5-HT pathway [Crowell, 2004; O’Mahony 
et  al. 2015]. In healthy volunteers subjected to 
acute stress, the 5-HT pathway competes with 
the kynurenic acid pathway for the precursor 
tryptophan, resulting in decreased plasma 5-HT 
levels and an unbalance in serotonin production 
related to peripheral and CNS disorders 
[Keszthelyi et al. 2012]. This was one important 
piece of evidence leading to the suggestion that 
changes in the 5-HT metabolism may contribute 
to the pathophysiology of irritable bowel syn-
drome (IBS) and other disorders where gastroin-
testinal (GI) and CNS alterations are present. 
Furthermore, Keszthelyi and colleagues demon-
strated that IBS patients had reduced mucosal 
levels and higher plasma concentration of both 
kynurenic acid and 5-HT, compared to healthy 
patients. They also found a positive correlation 
between depression signs and 5-HT concentra-
tions in mucosa but not in plasma [Keszthelyi 
et al. 2013].

Once synthetized and released, 5-HT is able to 
bind different receptors in the GI tract where it 
leads to well described responses. For example, 
activation of 5-HT3 and 5-HT4 receptors 
increases GI motility, and these receptors have 
been targeted to reduce intestinal transit on IBS 
patients with diarrhea predominance [Manocha 
and Khan, 2012; Stasi et al. 2014]. In addition, 
5-HT4 agonists have been shown to relieve vis-
ceral pain and promote intestinal motility in an 
animal model of chronic constipation [Hoffman 
et  al. 2012]. Research has also focused on the 
study of antidepressants classified as selective ser-
otonin reuptake inhibitors (SSRIs). These act on 
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5-HT transporters increasing 5-HT levels in the 
synaptic space. As discussed below, these drugs 
have been used to ease pain in chronic GI disor-
ders [Vanuytsel et al. 2014]; however, the phar-
macological mechanism at the intestinal level has 
not been elucidated.

The intestinal epithelium is characterized by a high 
metabolic rate and cell turnover [Darwich et  al. 
2014]. There is a close association between 
metabolite fate and homeostatic coordination of 
GI function, which is modulated mainly by vagal 
sensomotor reflexes. For instance, intestinal vagal 

afferents respond to an increase in glucose levels, 
which leads to higher 5-HT3 receptor availability 
on the vagal afferent membrane, in addition to an 
elevated 5-HT conductance towards the cell’s 
interior [Babic et al. 2012]. Interestingly, this sero-
tonergic sensitization is coherent with the release 
of this neurotransmitter by ECs, since this mecha-
nism is also glucose-dependent, although in an 
indirect manner. An investigation using human 
ECs determined that adenosine triphosphate 
(ATP) induces 5-HT release, possibly via iono-
tropic purinergic receptor activation. P2X,  
for instance, allows calcium entrance, thereby 

Figure 2. Relative expression of Urocortin 2 (UCN2) messenger ribonucleic acid (mRNA) in human Caco-2 
cells stimulated by different lactobacilli. Cultured Caco-2 cells were exposed to different concentrations of 
lactobacilli [colony forming units per ml (CFUs/ml)] for three hours. The species used were: Lactobacillus 
rhamnosus GG (A), Lactobacillus casei L54-2-33 (B) and Lactobacillus plantarum L46-1-12 (C), where the latter 
two have been previously identified by Gotteland and collaborators [Gotteland et al. 2014]. The graphs show 
data from RT-PCR, were each bar is the ratio of UCN2 mRNA expression over RPL27 mRNA expression, which 
was used as a control housekeeping gene. Statistical analysis by one-way ANOVA reveals that there is an effect 
on UCN2 mRNA expression by L. casei L54-2-33 (F(3,2) = 9.943, p = 0.0096) and by L. plantarum L46-1-12  
(F(3,2) = 13.36, p = 0.0046), but no effect on UCN2 mRNA was observed with L. rhamnosus GG (F(3,2) = 1093,  
p = 0.4214). Post hoc Tuckey tests show that there is a significant increase in relative UCN2 mRNA expression 
induced by L. casei L54-2-33 at 105 and 107 CFUs/ml in comparison with control (*p < 0.05), while L. plantarum 
L46-1-12 induces a decrease in relative UCN2 mRNA expression at 107 CFUs/ml in comparison with control  
(*p < 0.05). Data represent mean values ± SEM from triplicates.
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activating synaptotagmins capable of promoting 
cell and 5-HT vesicle membrane fusion, required 
for 5-HT release [Linan-Rico et  al. 2013]. 
Interestingly, using intestine explants Patel dem-
onstrated that ileum 5-HT release depends on 
ATP whereas colon does not release 5-HT upon 
ATP stimulation [Patel, 2014]. These data show 
that metabolic activity differentially modulates 
5-HT bioavailability in different gut regions, which 
needs to be taken into account when investigating 
the pharmacology of the intestinal 5-HT system.

Mucosal immune machinery
The GI epithelium is in close proximity to poten-
tially pathogenic bacteria, viruses, fungi and  
helminths. Therefore, the presence of a local 
immune system [composed of macrophages, 
lymphocytes and dendritic cells residing in the 
mucosa (see Figure 1)] is essential for maintain-
ing homeostasis between the host and luminal 
microbiota. Such homeostasis can be altered  
to an aberrant secretion of pro-inflammatory 
cytokines that have the potential to induce epi-
thelial damage and has been associated with gut 
disorders such as inflammatory bowel disease 
(IBD) and GI tissue neoplasia [Li et al. 2014]. 
As discussed later, elevation of pro-inflamma-
tory cytokines, both locally in the mucosa as  
well as systemically, can cause activation of the 
endocrine stress axis [El Aidy et  al. 2014]. 
Therefore, the mucosal immune component 
may not only be a target to prevent intestinal  
tissue damage but to potentially alleviate stress-
related conditions.

In the search for pharmacological targets to spe-
cifically treat inflammatory GI disorders, the 
interleukin 22 (IL-22) pathway appears to be a 
potential candidate. IL-22 belongs to the family 
of interleukin-10 cytokines, which are produced 
by cells of the innate and adaptive immune sys-
tem. It plays a systemic pro-inflammatory role, 
inducing secretion of antimicrobial peptides, cell 
proliferation and activation of antiapoptotic sign-
aling cascades in the gut via the signal transducer 
and activator of transcription protein 3 (STAT3), 
having a role both in tissue defense and repair [Li 
et al. 2014]. For example, actively inflamed tis-
sues obtained from ulcerative colitis patients con-
tain significantly fewer T helper cells that are 
IL-22 positive when compared with uninflamed 
tissue from the same patient [Leung et al. 2014]. 
However, in colon cancer there is increased IL-22 
expression [Ji et al. 2014; Sabat et al. 2014].

Interesting data have been obtained in obese mice 
that display chronic inflammation and poor 
mucosal immunity: upon challenge of mice with 
flagellin, a bacterial component, it was found that 
innate lymphoid cells obtained from obese mice 
produced less IL-22 than those isolated from lean 
controls. This was verified in ob/ob, db/db and 
diet-induced models of obesity [Wang et  al. 
2014]. Also, obese mice and mice deficient in 
IL-22 receptor had metabolic disorders such as 
insulin resistance and hyperglycemia, and were 
more susceptible to infection by the intestinal 
pathogen Citrobacter rodentium. Administration of 
exogenous IL-22 normalized metabolic, endo-
crine and immune alterations and reduced intes-
tinal inflammation [Wang et al. 2014].

Regarding potential effects of IL-22 on the neu-
ronal component of the gut–brain axis, because 
no receptors have been found in the central, 
peripheral or enteric nervous system (ENS), it is 
likely that this cytokine acts indirectly via modu-
lation of neuroactive molecule release. For exam-
ple, food intake was decreased in obese mice that 
received exogenous IL-22, and this effect was 
accompanied by increased serum levels of PYY, a 
gut hormone with an anorexigenic effect [Wang 
et al. 2014]. On the other hand, whole blood cul-
tures treated with antidepressant compounds 
such as citalopram, escitalopram and mirtazapine 
displayed increased expression of pro-inflamma-
tory cytokines including IL-22 [Munzer et  al. 
2013] that may be relevant due to the high comor-
bidity of depression, anxiety and inflammatory 
gut disorders.

Short-chain fatty acids (SCFAs) are generated in 
the gut lumen when intestinal bacteria metabo-
lize indigestible fiber and are proposed as modu-
lators in diet-induced therapeutic effect in models 
of immune pathologies [Haghikia et  al. 2015]. 
On the other hand, long-chain fatty acids 
(LCFAs) that are abundant in Western diets 
have been linked to an increased risk of disease. 
Using autoimmune encephalomyelitis (AE) to 
model T-cell-mediated autoimmunity in the 
mouse, Haghikia and collaborators showed that 
LCFA-rich diet decreased SCFAs in the gut and 
also increased Th1-cell- and Th17-cell-mediated 
CNS autoimmunity in vivo, therefore exacerbat-
ing the disease. Ex vivo flow cytometry analyses 
showed that Th17 cell abundance in the small 
intestine displayed a maximum that coincided 
with the onset of AE symptoms. Interestingly, 
treatment with SCFAs imprinted a protective 
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phenotype on Treg cells derived from intestinal 
lamina propria, which was associated with ame-
liorated AE and a higher degree of axonal preser-
vation [Haghikia et  al. 2015]. It would be 
interesting to evaluate whether metabolites from 
a healthy intestinal microbiota prevent the adap-
tive immune system from recognizing the host’s 
antigens. Moreover, the data suggests that die-
tary alterations in critical periods of development 
(i.e. western diet during childhood) could affect 
the way the immune system gains tolerance 
towards the host, which in turn could promote 
the appearance of autoimmune diseases later in 
life. It cannot be ruled out that alterations in 
immune tolerance, as a result of early-life dysbio-
sis, could also give rise to the appearance of CNS 
alterations.

The hypothalamus–pituitary–adrenal axis
Stress hormones, organized in the hypothalamus–
pituitary–adrenal (HPA) axis (see Figure 3), are 
part of the humoral communication between the 
intestinal tract and the CNS. Much of the evidence 
showing the involvement of the HPA axis in this 
communication has been obtained from observa-
tions in IBS patients. They have higher basal corti-
sol levels than healthy controls [Heitkemper et al. 
1996; Dinan et al. 2006; McKernan et al. 2011], 
together with an exaggerated release of ACTH and 
cortisol in response to intravenous administration 
of corticotropin-releasing factor (CRF) [Dinan 
et  al. 2006]. Both normal and exaggerated HPA 
axis responses have been reported for subgroups of 
patients with IBS [Fukudo et al. 1998; Elsenbruch 
et al. 2001; Heim et al. 2001; Dickhaus et al. 2003; 
Bohmelt et al. 2005; Dinan et al. 2006]; it has been 
suggested that these enhanced responses could be 
related to traumatic events experienced early in life 
[Heim et al. 2001; Chang et al. 2009]. Also, HPA 
axis hypersuppression has been associated with 
functional gastrointestinal symptoms in patients 
suffering from major depression [Karling et  al. 
2015]. The above evidence suggests that altera-
tions in the HPA axis are present together with 
gastrointestinal pathology.

Studies in animal models have examined the 
involvement of the endocrine axis of stress on the 
gut–brain functional unit. For example, maternal 
separation as a model of early-life stress in rodents 
induces an increase in basal corticosterone levels 
in adults, while reducing visceral pain threshold 
and inducing intestinal dysbiosis [O’Mahony et al. 
2009]. In Rhesus monkeys, maternal separation 

decreases the content of Lactobacillus fecalis  
and increases cortisol plasma levels 3 days post-
separation [Bailey and Coe, 1999]. Also, a week 
into maternal separation, the levels of Lactobacillus 
species are similar to those of unstressed controls 
and cortisol levels are somewhat reduced [Bailey 
and Coe, 1999]. These findings suggest that early-
life stress not only affects the expression of genes 
relevant to the appropriate stress response [Bravo 
et al. 2011a; O’Malley et al. 2011], but also alters 
proprioception, microbiota composition and glu-
cocorticoid plasma levels, with consequences 
extending into adulthood.

Moreover, rodents subjected to chronic-restraint 
stress display enhanced colonization by patho-
genic bacteria such as Citrobacter rodentium [Bailey 
et  al. 2010], while social-defeat stress alters the 
relative abundance of cecal bacteria [Bailey et al. 
2011]. This type of stress also increased levels of 
interleukin 6 (IL-6) and monocyte chemo-attract-
ant protein 1 (MCP-1). Interestingly, IL-6 and 
MCP-1 are reduced by antibiotic treatment 
directed against pathogenic bacteria [Bailey et al. 
2011], suggesting that bacteria could modulate 
physiology by altering the host’s immune func-
tions. Thus, an increase in pro-inflammatory 
cytokines in the intestine would activate a rapid 
vagus nerve-mediated anti-inflammatory response 
[Tracey, 2010] and also allow HPA axis activa-
tion [Hosoi et al. 2000] (see Figure 3). In addi-
tion, Zimomra and colleagues demonstrated that 
mice infected with Escherichia coli had increased 
glucocorticoid release; however, this effect was 
independent of ACTH release, and it involved 
the synthesis of prostaglandin E2 [Zimomra et al. 
2011]. This shows that intestinal dysbiosis 
induced by pathogenic bacteria also has an effect 
on glucocorticoid release, whether it is through 
HPA axis activation via cytokines, including vagal 
sensory-fiber activations, or independently of 
pituitary ACTH release.

The HPA axis responds to microbiota changes; 
however, this axis is also sensitive to the environ-
ment, stressors, and CNS activity. Considering 
the significant immunomodulatory effect of the 
HPA axis (for example, the effect on anti-inflam-
matory glucocorticoids) and its role in the modu-
lation of intestinal permeability [Moussaoui et al. 
2014], glucocorticoids can significantly affect 
intestinal physiology, which could in turn have an 
impact on the intestinal microbiota composition, 
therefore establishing a bidirectional communica-
tion between these two components.
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Dexamethasone-suppression test and CRF chal-
lenge have been used to evaluate antidepressant 
treatment efficacy [Lozano-Ortiz et al. 2012]. On 
the other hand, tricyclic antidepressants and 
SSRIs have been used to alleviate abdominal pain 
in IBS patients, but in lower doses than those 
used to treat mood disorders [Vanuytsel et  al. 
2014]. Although it is not known whether such 
doses affect HPA axis function in IBS patients, 
current evidence suggests the use of antidepres-
sants in cases of comorbidity between mood dis-
orders and IBS. This strategy might be of help in 
reducing symptomatology at both ends of the 

gut–brain axis, although the mechanism of action 
on both systems is still subject of debate.

Ghrelin is an orexigenic-peptide hormone pro-
duced centrally and in the periphery, and it has 
the ability to stimulate food intake by acting in the 
arcuate nucleus of the hypothalamus [Schellekens 
et al. 2013]. Fasting stimulates a rise in plasma 
ghrelin levels, and these are decreased after a 
meal [Cummings et al. 2001]. Also, administra-
tion of exogenous ghrelin promotes food-seeking 
behavior [Tong et al. 2011]. Brain imaging anal-
yses show that ghrelin administration in healthy 

Figure 3. Peripheral and CNS targets relevant to gut–brain axis modulation. Intestinal motility function 
responds to cholinergic signals from vagal efferent terminals [Jones et al. 2006]. On the other hand, 
sensory vagal afferences are responsive to cytokines released by immune, epithelial and nervous cells in 
the gut [Tracey, 2007] and relay on the dorsal vagal complex, which connects in turn to the hypothalamic 
paraventricular nucleus [Pavlov et al. 2003], triggering an early anti-inflammatory response. Acetylcholine 
released by vagal efferent terminals also has anti-inflammatory effects on gut immune cells, which depend on 
nicotinic receptors [Tracey, 2007]. Muscarinic receptor activation can also modulate local lymphocyte function 
[Kawashima and Fujii, 2000; Fujii et al. 2007]. (Adapted from Díaz-Zepeda et al. [2015].)
A, adrenalin; Ach, acetylcholine; ACTH, adrenocorticotrophic hormone; CRF, corticotrophin releasing factor; NA, 
noradrenalin; PVN, paraventricular nucleus; RMV, rostral ventromedial medulla; SNS, sympathetic nervous system.
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volunteers induced acute hedonic responses sim-
ilar to those evoked by fasting, involving activa-
tion of corticolimbic reward–cognitive systems 
[Goldstone et al. 2014]. Circulating levels of ghre-
lin are increased by stress in both humans [Rouach 
et al. 2007] and rodents [Kristenssson et al. 2006]. 
Conversely, mice show less anxiety and depres-
sive-like behaviors following caloric restriction or 
subcutaneous ghrelin injection [Lutter et  al. 
2008], suggesting that elevated plasma ghrelin 
may have anxiolytic and antidepressant-like 
effects. Moreover, ghrelin-lacking mice (ghr -/-) 
show more anxiety-like behaviors in the elevated 
plus maze and open field tests than wild-type con-
trol animals [Spencer et  al. 2012], and further-
more, these ghr -/- mice secrete less ACTH than 
wild-type mice, suggesting a mechanism by which 
ghrelin modulates HPA axis activity (i.e. regulat-
ing anterior pituitary release of ACTH), an effect 
which also impacts on anxiety-like behaviors 
[Spencer et al. 2012].

The enteric nervous system
The intestinal tissue is highly innervated by intrin-
sic neurons mainly grouped in the myenteric and 
submucous plexus (Figure 1). Recent evidence 
also shows an important role of intestinal glia, 
that are even more ubiquitous than neurons, in 
gut physiology [Gulbransen and Sharkey, 2012]. 
The ENS releases the same mediators and neuro-
transmitters that are found in the CNS, modulat-
ing epithelial cell proliferation and differentiation, 
paracelullar permeability, water and electrolyte 
transport, nutrient absorption and muscle con-
tractile motility, to name a few functions [Li et al. 
2011; Neunlist et al. 2013].

The ENS has been syndicated as an important  
signal transductor between the CNS and the gut. 
In rats under acute restraint stress, an increase in 
ACTH release in the intestinal tissue has been 
associated with augmented electrolyte secretion 
and permeability of the intestinal epithelium, 
responses that were prevented when atropine was 
used [Saunders et al. 1997]. Interestingly, using an 
in vitro coculture of human submucous neurons 
and human colon epithelial cells, it was shown that 
when submucosal neurons were activated by elec-
trical-field stimulation there was a reduction in 
epithelial permeability together with an increase in 
the expression of tight-junction protein zona 
occludens 1 (ZO-1), important for maintaining the 
paracelullar epithelial barrier. These effects were 
blocked by tetrodotoxin treatment and also when a 

vasoactive intestinal peptide (VIP) receptor antag-
onist was used [Neunlist et al. 2003]. These data 
suggest that brain-to-gut communication involving 
ACTH or VIP signaling may be important for 
maintaining the intestinal epithelial barrier.

Considering that the gut is the major source of 
5-HT, this has been proposed as one relevant 
signaling molecule between the gut and the CNS, 
and the ENS is considered a possible intermediary. 
Studies in knockout mice for different tryptophan 
hydroxylase (TPH) isoforms (the limiting enzyme 
in 5-HT synthesis) establish that constitutive 
intestinal motility depends mostly on the activity 
of the intestinal serotonergic neurons rather than 
ECs. Moreover, the early differentiation of sero-
tonergic neurons in the immature ENS is key to 
promoting the development and survival of other 
neuron types, included the dopaminergic neurons 
[Li et  al. 2011]. Therefore, these are potential  
targets for drugs destined to modify intestinal  
epithelium permeability and motility.

Studies focused in the opposite communication 
pathway (epithelium–ENS or epithelium–ENS–
CNS) are more limited. Neunlist and Schemann 
explain that the presence or absence of specific 
nutrients in the intestinal lumen may induce 
changes mediated by enteroendocrine cells that 
affect the expression of neurotransmitters in the 
ENS as well as the survival of these neurons 
[Neunlist and Schemann, 2014]. The authors 
propose that this may have an impact on the 
intestinal motility, secretion and epithelial perme-
ability. It will be interesting to establish if those 
changes at the ENS level could also affect CNS 
function and behavior.

The vagus nerve
The vagus nerve is one of the twelve nerves that 
innervate the thoracic and abdominal tissues 
[Berthoud and Neuhuber, 2000]. It possesses a 
left and a right cervical pathway; for each of them 
there are afferent and efferent projections that con-
verge in the cranium where either information 
coming from the organs is processed or chemical 
signals are sent to the periphery [Berthoud and 
Neuhuber, 2000]. The vagus nerve plays an 
important role in gut–brain communication; for 
example, vagal activation has anti-inflammatory 
effects that are prevented by subdiaphragmatic 
vagotomy [Tracey, 2007]. On the other hand, 
electrical stimulation, specific pharmacological and 
nutritional interventions, behavioral modification, 
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meditation, cognitive and relaxation therapies 
have been reported to stimulate vagus nerve  
activity [Tracey, 2007; Bonaz and Bernstein, 
2013], potentially having the opposite effect .

In the rat, subdiaphragmatic vagal deafferenta-
tion (SDA) consists of a total disconnection of the 
vagal afferent abdominal projections, and has 
been shown to induce changes in anxiety-like 
behaviors, fear behaviors and in the levels of neu-
rochemical mediators in the limbic system [Klarer 
et al. 2014]. Using the open field, elevated plus 
maze and fear conditioning tests it was demon-
strated that SDA rats present significantly lower 
levels of anxiety compared with a sham group. 
SDA rats also showed attenuation in the response 
to fear conditioning test and region-specific 
changes in GABA and noradrenalin (NA) levels 
in the limbic system, without alterations in the 
basal or stress-induced corticosterone levels 
[Klarer et  al. 2014]. These data demonstrated 
that there is a basal tone of information originat-
ing from abdominal regions that travel through 
vagal afferents and it is relevant for some behavio-
ral and neurochemical aspects of the rat limbic 
system. However, it is impossible to discriminate 
which tissue (or tissues) innervated by the vagus 
nerve regulates the observed events. In another 
approximation, Bravo and collaborators demon-
strated that in healthy mice, subdiaphragmatic 
vagotomy prevents the antidepressive and anxio-
lytic effects observed after a sustained oral admin-
istration of L. rhamnosus JB-1 [Bravo et al. 2011b]. 
In this model, vagotomy also prevented changes 
observed in mRNA levels of gamma-aminobutyric 
acid (GABA) receptors GABAB1b y GABAAα2 
in different regions of the brain. Although the evi-
dence suggests a direct gut–brain communication 
mediated by the vagus nerve, some reports 
describe that this may occur independently.

Van der Kleij and collaborators studied the effect 
of Lactobacillus reuteri and Bifidobacterium infantis, 
both with anti-inflammatory effect, in vagoto-
mized mice with acute colitis, induced by dextran 
sulfate sodium (DSS), and also in a chronic colitis 
model induced by transference of lymphocytes 
from a healthy mouse to inmunodeficient mice. In 
the DSS-treated animals there was a decrease in 
pro-inflammatory cytokines when mice received a 
probiotic species that was not enhanced by vagot-
omy, suggesting that not all of the effects gener-
ated by manipulations on the enteric microbiota 
go through stimulation of vagal afferents. In addi-
tion, in the lymphocyte T model of colitis animals 

displayed a potentiated anti-inflammatory effect 
of the probiotics when they were vagotomized 
[Van Der Kleij et  al. 2008], again suggesting a 
vagus-independent effect on the immune system.

Another effect mediated through vagal activation 
involves hormones. For instance, food ingestion 
and satiety are mediated by an array of gut hor-
mones such as cholecystokinin (CCK), which 
inhibits food intake and gastric emptying [Smith 
et  al. 1985]. When this hormone acts at CCK1 
receptors on vagal afferent neurons it stimulates 
the expression of Y2 receptors and also that of the 
neuropeptide CART, a process mediated by acti-
vation of the transcriptional factor CREB [De 
Lartigue et al. 2010]. Both events are associated 
with the induction of satiety. On the other hand, 
the peptide ghrelin appears as a signal to the 
absence of food in the gut and is associated with 
the stimulation of food intake, also acting on vagal 
afferent neurons [Date et al. 2005]. Ghrelin inhib-
ited the effects of CCK by promoting the nuclear 
exclusion of CREB [Date et al. 2002, 2005].

Vagal alterations have also been associated with 
the pathophysiology of Crohn’s disease (CD) and 
IBS. Vagal tone and markers of stress and inflam-
mation were studied in IBS and CD patients and 
compared to those of healthy controls [Pellissier 
et al. 2014]. CD and IBS patients displayed higher 
scores in questionnaires for anxiety and depressive 
symptoms. Among control subjects, those with 
high vagal tone had significantly lower evening 
salivary cortisol levels than subjects with low vagal 
tone. However, this association was not present in 
CD and IBS patients, which suggests an uncou-
pling between vagal tone and cortisol level in those 
patients. Vagal tone and TNF-alpha levels were 
inversely correlated only in CD patients, indicat-
ing that the cholinergic anti-inflammatory path-
way response was blunted in CD patients with  
low vagal tone. In IBS patients, vagal tone was 
inversely correlated with plasma epinephrine 
which may be sign of nonresponsive high sympa-
thetic activity. It is important to state that no asso-
ciation was found between vagal tone and anxiety 
or depressive symptomatology in any group. The 
authors conclude that there is an imbalance 
between the HPA axis and the vagal tone in CD 
and IBS patients, and highlight that only a small 
proportion of these patients would be benefited by 
vagal reinforcement [Pellissier et al. 2014].

The use of nonpharmacological interventions in 
the management of visceral pain syndromes have 
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also shed light on the antihyperalgesic and  
analgesic properties of the peripheral nervous 
system, including the vagus nerve. The tech-
nique of deep breathing allowed an increase in 
cardiac vagal tone and increased pain threshold 
in healthy individuals subjected to an acid  
challenge to the esophagus [Botha et al. 2015]. 
Atropine prevented both effects, again reinforc-
ing the relevance of the vagal cholinergic  
anti-inflammatory pathway in visceral pain 
perception.

Concluding remarks
The gut–brain axis is a functional unit present-
ing a variety of potential pharmacological tar-
gets. Modifying a target within this unit may 
have consequences on the entire axis. For exam-
ple, interventions on the gut serotonergic sys-
tem by using 5-HT3/5-HT4 receptor agonists 
or 5-HT reuptake modulators may influence 
visceral pain perception and intestinal motility 
but also modify HPA axis function. Microbiota-
modifying strategies involving the use of antibi-
otics, probiotic bacteria, as well as prebiotic 
compounds may have the potential to improve 
not only gastrointestinal alterations but also 
behavioral and neurochemical perturbations 
associated with stress.

Targeting the immune system, another key  
component in this axis, may affect the anti-
inflammatory response initiated by activation of 
the vagus nerve. Vagal-mediated anti-inflamma-
tory response can also activate the HPA axis, 
modifying the release of glucocorticoids which 
are important immunomodulators. Therefore, 
the gut–brain axis presents an opportunity for the 
development of novel pharmacological (and 
nutritional) strategies. This can be especially 
favorable in disorders where behavioral altera-
tions and gut functional diseases coexist.
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