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At the intersection between neuroscience, microbiology, and psychiatry, the enteric micro-
biome has potential to become a novel paradigm for studying the psychobiological under-
pinnings of mental illness. Several studies provide support for the view that the enteric
microbiome influences behavior through the microbiota—gut—brain axis. Moreover, recent
findings are suggestive of the possibility that dysregulation of the enteric microbiota (i.e.,
dysbiosis) and associated bacterial translocation across the intestinal epithelium may be
involved in the pathophysiology of stress-related psychiatric disorders, particularly depres-
sion. The current article reviews preliminary evidence linking the enteric microbiota and its
metabolites to psychiatric illness, along with separate lines of empirical inquiry on the
potential involvement of psychosocial stressors, proinflammatory cytokines and neuroinflam-
mation, the hypothalamic—pituitary—adrenal axis, and vagal nerve activation, respectively, in
this relationship. Finally, and drawing on these independent lines of research, an integrative
conceptual model is proposed in which stress-induced enteric dysbiosis and intestinal per-
meability confer risk for negative mental health outcomes through immunoregulatory, endo-
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The last several years have seen a rapid growth of interest
in the microbiome (i.e., the metagenome of the communities
of microbes, including archaea, bacteria, eukaryotes, and
viruses, found in different parts of the human body), doubt-
less facilitated in part by significant advances in high-
throughput sequencing-based analytic techniques (Di Bella,
Bao, Gloor, Burton, & Reid, 2013; Fraher, O’Toole, &
Quigley, 2012). Indications of this increasing interest in the
microbiome can be found in the launching of the Human
Microbiome Project by the National Institutes of Health in
2007, with the goal of identifying and characterizing the
human microbiome and its relation to healthy physiological
functioning as well as risk for disease (Methé et al., 2012;
Turnbaugh et al., 2007), and in the initiation of the Metag-
enomics of the Human Intestinal Tract project by the Eu-
ropean Commission in 2008, with this same objective but
focusing more specifically on the enteric microbiome (Qin
et al., 2010).
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Of the different microbial communities found in the hu-
man body, the enteric microbiota, in particular, has been the
focus of much empirical attention, owing to the accumulat-
ing evidence of its importance to physical health. An esti-
mated 39 trillion microbes populate the large intestine,
yielding a ratio of bacteria to human cells of 1:1 (Béckhed,
Ley, Sonnenburg, Peterson, & Gordon, 2005; Belkaid &
Hand, 2014; Gill et al., 2006; Sender, Fuchs, & Milo, 2016).
Whereas a healthy enteric microbiota is generally charac-
terized by a marked diversity in the bacterial species present
(Rupnik, 2015), low biodiversity appears to be associated
with gastrointestinal disorders, such as inflammatory bowel
disease (Huttenhower et al., 2012; Manichanh et al., 2006).
Furthermore, differential enteric microbial composition has
been implicated in risk for metabolic diseases, such as
diabetes and obesity (Karlsson et al., 2013; Le Chatelier et
al., 2013; Qin et al., 2012; Turnbaugh et al., 2009).

One of the most intriguing developments in microbiome
research to date is the emerging body of empirical support
for the view that the influence of the enteric microbiota
extends beyond these physical health conditions to include
cognitive functioning and behavior, mediated through en-
docrinal, neural, and immunological pathways (Collins &
Bercik, 2009; Cryan & Dinan, 2012; Foster & McVey
Neufeld, 2013; Kaplan, Rucklidge, Romijn, & McLeod,
2015; Mayer, Knight, Mazmanian, Cryan, & Tillisch, 2014;
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Rhee, Pothoulakis, & Mayer, 2009; Schmidt, 2015; Stilling,
Dinan, & Cryan, 2014). Although the existence of bidirec-
tional communication between the gut and brain has been
well established, the influence of enteric microbiota on this
system has gained increasing prominence in recent years,
leading to an extension of the gut—brain axis to a
microbiota—gut—brain axis (Collins, Surette, & Bercik,
2012; Foster & McVey Neufeld, 2013; Rhee et al., 2009).

Just as a healthy enteric microbiota may serve an impor-
tant role in adaptive brain functioning, so too may microbial
dysregulation (i.e., dysbiosis) confer risk for psychiatric
morbidity. Although preliminary, there is mounting evi-
dence linking the enteric microbiome to risk for psychiatric
illness, particularly depression and anxiety (Kaplan et al.,
2015; Stilling et al., 2014). Additionally, several studies
have found that psychosocial stressors may alter the com-
position of enteric microbiota in a manner that correlates
with changes in the presence of cytokines (Bailey et al.,
2011; Cryan & Dinan, 2012; Foster & McVey Neufeld,
2013). These proteins have separately been associated with
vagus nerve activation (Collins & Bercik, 2009) and risk for
certain psychiatric conditions such as depression (Dowlati
et al., 2010; Mills, Scott, Wray, Cohen-Woods, & Baune,
2013). Psychosocial stressors, enteric dysbiosis, and depres-
sion have each been similarly associated with dysregulated
functioning of the hypothalamic—pituitary—adrenal (HPA)
axis (de Kloet, Joéls, & Holsboer, 2005; Foster & McVey
Neufeld, 2013; Pariante & Lightman, 2008). Collectively,
these findings are consistent with the possibility that the
microbiota—gut—brain axis may be relevant to stress-related
manifestations of psychopathology (e.g., depression and
anxiety), and may mediate the relation between life stressors
and these psychiatric disorders.

The current review highlights findings from the research
literature in psychiatry, neurobiology, and microbiology
relating to the enteric microbiota and its metabolites, psy-
chosocial stressors, proinflammatory cytokines and neuro-
inflammation, the HPA axis, the vagus nerve, and psychi-
atric illness, with a focus on depression. Included in this
discussion are several important limitations in the existing
literature to be addressed in future studies. Finally, and
based on these independent lines of empirical inquiry, this
review proposes an integrative conceptual model of the
potential role of the enteric microbiome in mental health.

The Enteric Microbiota and Psychiatric Illness

The potential clinical relevance of the microbiota—gut—
brain axis to stress-related psychiatric illness has received
preliminary empirical support in several studies demonstrat-
ing potential anxiogenic effects (i.e., anxiety-inducing) of
infectious bacteria or parasites, as well as antidepressant and
anxiolytic effects (i.e., antianxiety) of probiotics in rodents
(see Table 1 for a summary). For example, increases in

anxious behavior have been observed in rodents exposed to
Citrobacter rodentium, Trichuris muris, and Campylobacter
Jjejuni (Lyte, Varcoe, & Bailey, 1998; Stilling et al., 2014),
whereas Lactobacillus species (spp.) and Bifidobacterium
spp. have been demonstrated in several rodent studies to
reduce anxiety and depression-like behavior (Arseneault-
Bréard et al., 2012; Bercik, Park, et al., 2011; Bravo et al.,
2011; Messaoudi, Lalonde, et al., 2011). Finally, one study
found that mice with enteric microbiota transplanted from
donors on a high-fat diet subsequently displayed more anx-
ious behavior than did counterparts receiving microbiota
from donors on a control diet (Bruce-Keller et al., 2015).
This finding is consistent with possibility that enteric dys-
biosis associated with obese-type diets may in part account
for the high co-occurrence between obesity and stress-
related psychiatric conditions, such as depression (Need-
ham, Epel, Adler, & Kiefe, 2010).

Human studies in this area have been notably rare. Two
observational studies have directly examined enteric micro-
bial profiles in relation to psychopathology in humans. In
one of these cross-sectional studies, adult patients with
depression were found to have higher levels of Enterobac-
teriaceae and Alistipes but lower levels of Faecalibacterium
relative to healthy controls (Jiang et al., 2015). The second
cross-sectional study noted higher concentrations of Bacte-
roidales but lower concentrations of Lachnospiraceae in a
sample of depressed adults relative to healthy controls (Na-
seribafrouei et al., 2014). Furthermore, seven studies to date
have evaluated the potential psychotropic effects of probi-
otics or prebiotics in humans. In one study, participants
administered a combination of Lactobacillus helveticus and
Bifidobacterium longum, when compared to a placebo con-
trol group, endorsed lower scores on measures of general
psychological distress, anger-hostility, depression, and anx-
iety (Messaoudi, Lalonde, et al., 2011). A second study
found that consuming milk with the probiotic Lactobacillus
casei strain Shirota, relative to a placebo, was associated
with improved mood, but only among participants with
relatively low mood at baseline (Benton, Williams, &
Brown, 2007). In the third study, Lactobacillus casei strain
Shirota was prospectively associated with fewer anxiety
symptoms among participants with chronic fatigue syn-
drome (Rao et al., 2009). A fourth study found a multispe-
cies probiotic containing Lactobacillus spp., Bifadobacte-
rium spp., and Lactococcus lactis to lead to a reduction in
cognitive reactivity to dysphoric mood, mediated by a re-
duction in rumination and aggressive thoughts (Steenber-
gen, Sellaro, van Hemert, Bosch, & Colzato, 2015). A fifth
found that consumption of a probiotic cocktail led to re-
duced activity in the insula and somatosensory cortices, and
a functional network including emotional and sensory areas,
in response to negative emotional stimuli assessed while
subjects were in a scanner (Tillisch et al., 2013). In a more
recent study, probiotic compounds that included Lactoba-
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Table 1

Enteric Microbial Influences on Psychiatric Symptoms and Behavior

Outcome

Species/microbial compound

Citation(s)

Rodent studies
Increased anxiety symptoms/behavior

Decreased anxiety symptoms/behavior
Decreased depressive symptoms/behavior

Human studies
Cross-sectional findings
Positive association with depression

Negative association with depression

Longitudinal findings
Decreased anxiety symptoms

Decreased depressive symptoms

Decreased anger/hostility

Decreased cognitive reactivity to
negative stimuli, mediated by
reduction in rumination and
aggressive thoughts

Decreased activity in emotional and
sensory brain regions in response to
negative stimuli

Decreased attentional bias toward
negative stimuli

Lactococcus lactis

Campylobacter jejuni, Citrobacter rodentium,
Trichuris muris, high-fat microbiota

Bifidobacterium spp., Lactobacillus spp.

Bifidobacterium spp., Lactobacillus spp.

Alistipes, Bacteroidales, Enterobacteriaceae

Faecalibacterium, Lachnospiraceae

Bifidobacterium spp., Lactobacillus spp.,
Lactobacillus helveticus

Bifidobacterium spp., Lactobacillus spp.,
Lactobacillus helveticus

Bifidobacterium longum, Lactobacillus helveticus
Bifadobacterium spp., Lactobacillus spp.,

Bifidobacterium animalis subsp. Lactis, Lactobacillus
bulgaricus, Lactococcus lactis subsp. Lactis,
Streptococcus thermophiles

Bimuno-galacto-oligosaccharides

Bruce-Keller et al. (2015); Lyte, Varcoe,
and Bailey (1998); and Stilling,
Dinan, and Cryan (2014)

Bercik et al. (2011), Bravo et al. (2011),
and Messaoudi et al. (2011)

Arseneault-Bréard et al. (2012) and
Bravo et al. (2011)

Jiang et al. (2015) and Naseribafrouei et
al. (2014)

Jiang et al. (2015) and Naseribafrouei et
al. (2014)

Messaoudi et al. (2011), Mohammadi et
al., 2015), and Rao et al. (2009)

Benton, Williams, and Brown (2007),
Messaoudi et al. (2011), and
Mohammadi et al. (2015)

Messaoudi et al. (2011)

Steenbergen, Sellaro, van Hemert,
Bosch, & Colzato (2015)

Tillisch et al. (2013)

Schmidt et al. (2015)

Note. spp. = species.

cillus spp. and Bifidobacterium spp., when compared to
conventional yogurt and placebos, were associated with
lower levels of anxiety and depressive symptoms (Moham-
madi et al., 2015). Finally, in the one study to date assessing
the effects of prebiotics, a decreased attentional bias toward
negative stimuli on a behavioral task was observed in par-
ticipants who ingested Bimuno-galacto-oligosaccharides
when compared to those in the placebo condition (Schmidt
et al., 2015), a finding of potential clinical relevance given
the negative attentional bias characteristic of depression
(Clark, Chamberlain, & Sahakian, 2009; Disner, Beevers,
Haigh, & Beck, 2011).

Despite the preliminary support across these studies for
the potential role of the enteric microbiome in the develop-
ment of anxiety and depression, all seven probiotic and
prebiotic studies featured psychiatrically healthy partici-
pants, significantly constraining the clinical generalizability
of their findings. Indeed, four studies explicitly excluded
individuals with psychiatric illness (Benton et al., 2007;
Schmidt et al., 2015; Steenbergen et al., 2015; Tillisch et al.,
2013), and another excluded individuals with elevated
scores on a measure of depression and anxiety (Messaoudi,
Lalonde, et al., 2011). Thus, there is a clear need for
research directly evaluating the relation between enteric

microbiota and clinically significant psychopathology. Fur-
thermore, these studies all featured adult samples, and thus
are limited in their generalizability to adolescents. This is
particularly important, given distinct differences in enteric
microbiome composition across the life span (Biagi et al.,
2010; Claesson et al., 2011, 2012), with greater interindi-
vidual variation among children than adults (Yatsunenko et
al., 2012), not to mention significant age-of-onset differ-
ences in terms of presentation, course, and risk factors for
certain psychiatric disorders (Hill, Pickles, Rollinson, Da-
vies, & Byatt, 2004; Jaffee et al., 2002; Kaufman, Martin,
King, & Charney, 2001). Additionally, although it appears
that the enteric microbiota develops throughout childhood
and adolescence before stabilizing and becoming more di-
versified in adulthood (Rea, Dinan, & Cryan, in press), it is
unclear how these developmental considerations may relate
to the development of risk for psychiatric outcomes. For
example, risk for and gender differences in prevalence of
depression begin to increase dramatically in early adoles-
cence (Hankin & Abramson, 2001; Hasin, Goodwin, Stin-
son, & Grant, 2005). The degree to which hormonal influ-
ences in early puberty may contribute to these trends
indirectly by influencing the enteric microbiota remains to
be empirically examined (Rea et al., in press). Indeed, even
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normative changes in the enteric microbiota in adolescence
remains poorly characterized, as most studies on develop-
mental differences have focused on early infancy and old
age (McVey Neufeld, Luczynski, Dinan, & Cryan, 2016;
McVey Neufeld, Luczynski, Seira Oriach, Dinan, & Cryan,
2016). Future research in this area is a necessary first step in
establishing a reference point for understanding aberrations
in the enteric microbiota in relation to adolescent psycho-
pathology.

Microbial Metabolites

An interesting possibility yet to be explored in the clinical
literature is whether microbial metabolites may be a means
through which the enteric microbiota influences risk for
mental illness, given findings that several of these metabo-
lites may possess neuroactive qualities (Mayer et al., 2014;
Russell, Hoyles, Flint, & Dumas, 2013; Wall et al., 2014).
Microbial metabolites have been known to influence the
blood—brain barrier, with germ-free mice, for example,
found to exhibit greater long-term blood—brain barrier per-
meability than mice with normal gut flora (Braniste et al.,
2014). Complex carbohydrates are metabolized by enteric
microbes into short-chain fatty acids (SCFAs), including
butyrate, which tightens the junctions between cells in the
blood-brain barrier, thereby reducing its permeability (Samp-
son & Mazmanian, 2015; Smith, 2015). These SCFAs are
capable of crossing the blood—brain barrier (Sampson &
Mazmanian, 2015). Butyrate also may relate to mental
health by affecting brain-derived neurotrophic factor ex-
pression in the hippocampus (Dinan, Stilling, Stanton, &
Cryan, 2015), which is noteworthy given the finding that
brain-derived neurotrophic factor relates to hippocampal
hyperactivation in response to emotional stimuli in anxious
and depressed adolescents (Lau et al., 2010). Additionally,
the metabolite propionic acid has been associated with
anxiety symptoms in humans (Collins et al., 2012).

Indirect support for the potential influences of microbial
byproducts on mental health also comes from studies doc-
umenting the involvement of enteric microbial metabolites
in the production of neurotransmitters, including serotonin.
First, germ-free mice exhibit reduced levels of circulatory
serotonin, which can be remedied with spore-forming mi-
crobes that metabolizes SCFAs (e.g., Clostridium spp.), and
contrastingly, mice with natural microbiota experience a
reduction in serotonin when exposed to antibiotics (Collins
et al., 2012; Smith, 2015; Yano et al., 2015). Also impli-
cated in serotonin production are Candida, Enterococcus,
Escherichia, and Streptococcus spp. (Dinan et al., 2015),
possibly through microbial SCFAs (Sampson & Mazma-
nian, 2015). Moreover, the probiotic Bifidobacterium infan-
tis has been observed to affect concentrations of serotonin
indirectly by influencing levels of kynurenine, which, in
turn, metabolizes tryptophan, a precursor to serotonin (Di-

nan et al., 2015). Although serotonin meets with resistance
at the blood—brain barrier, tryptophan is not so hindered. It
is therefore possible that microbial-derived tryptophan may
influence mood and behavior through the synthesis of se-
rotonin after crossing this barrier (Sampson & Mazmanian,
2015). These findings are particularly notable because ap-
proximately 90% of peripheral serotonin in humans origi-
nates in the digestive tract (Berger, Gray, & Roth, 2009),
and given the considerable interest in the role of serotonin in
depression and its treatment (Andrews, Bharwani, Lee, Fox,
& Thomson, 2015). Furthermore, certain species of bacteria
have been found to produce other neurotransmitters, includ-
ing Lactobacillus and Bifidobacterium in the case of
gamma-aminobutyric acid, Eschericha, Bacillus, and Sac-
charomyces for norepinephrine, and Bacillus in the case of
dopamine (De Palma, Collins, Bercik, & Verdu, 2014;
Dinan et al., 2015), dysregulation of which has been hy-
pothesized to be associated with psychiatric illnesses such
as depression (Croarkin, Levinson, & Daskalakis, 2011;
Pizzagalli, 2014; Southwick, Vythilingam, & Charney,
2005). Additional research is needed to demonstrate that
microbiota-influenced alterations in these neurotransmitters
have a clinically significant impact on mental health func-
tioning in humans.

Psychosocial Stressors

Of the risk factors to have been implicated in the etiology
of several forms of mental illness, one of the most studied
is psychosocial stressors. Indeed, stress exposure and
diathesis-stress models (i.e., the view that life stress inter-
acts with preexisting diatheses to increase risk for psycho-
pathology) are core components of several theories of men-
tal illness, including depression (Beck, 1987) and
posttraumatic stress disorder (Elwood, Hahn, Olatunji, &
Williams, 2009). Empirical support for psychosocial stres-
sors as a risk factor for these manifestations of psychiatric
illness has been found (Hammen, 2005; Jones & Barlow,
1990; Klauke, Deckert, Reif, Pauli, & Domschke, 2010; Liu
& Miller, 2014). For example, distal psychosocial stressors,
in the form of adverse childhood experiences, have been
found to heighten long-term risk for depression (Harkness,
Bruce, & Lumley, 2006; McLaughlin et al., 2010), and
proximal ones occurring in the one to three months prior to
depressive onset appear to be of particular etiologically
relevance to this disorder (Hammen, 2005; Harkness et al.,
20006).

Recent evidence has lent preliminary support for the view
that psychosocial stressors may similarly have a role in
enteric dysbiosis. In rats, early life stressors have been
observed to lead to alterations in the enteric microbiome
that persist into adulthood (Barouei, Moussavi, & Hodgson,
2012; O’Mahony et al., 2009). Stressors experienced in
adulthood similarly appear to disturb the composition of the
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enteric microbiota (Bailey et al., 2011). Lactobacillus spp.,
in particular, have been consistently found to decrease in
response to stress (Galley & Bailey, 2014). In primate
models, exposure to early life stressors is associated with
decrease in fecal bifidobacteria and lactobacilli (Bailey &
Coe, 1999; Galley & Bailey, 2014). It is also interesting to
note that Alistipes, found in one of the two aforementioned
studies of depressed patients to be positively correlated with
depressive symptom severity (Jiang et al., 2015), has also
been observed to increase appreciably in mice following
exposure to stress (Bangsgaard Bendtsen et al., 2012). Re-
search in this area has been largely limited to animal mod-
els, however, and human studies of psychosocial stressors in
relation to enteric microbiota are needed. Indeed, only one
study has been conducted with humans, finding a reduction
in lactobacilli concentrations in undergraduates during ex-
ams (Knowles, Nelson, & Palombo, 2008).

Proinflammatory Cytokines and
Neuroinflammation

Enteric dysbiosis has been associated with increased in-
testinal permeability. Normally, the mucosal and tight junc-
tion barrier, as well as mesenteric lymph nodes (MLNs),
effectively maintain separation of enterobacteria from the
interstitium (Macpherson & Uhr, 2004). Several studies
with rats, however, have documented increased intestinal
permeability after exposure to restraint stress (Bailey et al.,
2011; Saunders, Hanssen, & Perdue, 1997; Saunders, Ko-
secka, McKay, & Perdue, 1994). This stress-induced alter-
ation in the permeability of the epithelial barrier, in turn,
facilitates translocation of gram-negative bacteria and bac-
terial antigens across the intestinal mucosa into the blood-
stream and MLNs (Foster & McVey Neufeld, 2013; Soder-
holm & Perdue, 2001). Moreover, this dysfunction of the
epithelial barrier may be evident shortly after stress expo-
sure. Increased bacterial antigen translocation across the
intestinal epithelium in rats, for example, has been demon-
strated to occur as soon as 2 hr after administration of
restraint stress (Kiliaan et al., 1998). Interestingly, it appears
that this stress-induced increase in epithelial permeability
may be addressed prophylactically in rodent models through
the administration of the probiotic Lactibacillus farciminis
(Ait-Belgnaoui et al., 2012), Bifidobacteria (Savignac,
Kiely, Dinan, & Cryan, 2014), as well as a combination of
Lactobacillus helveticus and Lactobacillus rhamnosus (Za-
reie et al., 20006).

The migration of bacteria and bacterial antigens across
the intestinal mucosal lining, in turn, appears to elicit a
heightened proinflammatory immune response (Ait-
Belgnaoui et al., 2012; Bailey et al., 2010, 2011; Galley &
Bailey, 2014; Gareau, Silva, & Perdue, 2008; Maslanik et
al., 2012). In particular, gram-negative enterobacteria con-
tain the endotoxin lipopolysaccharide (LPS) within their
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bacterial walls and vesicles, and the presence of LPS in
translocated bacterial outer membrane is detected by CD14-
toll-like receptor-4 on CDI14 cells (neutrophils, macro-
phages, and dendritic cells; Maes, Kubera, Leunis, & Berk,
2012), stimulating the production of circulating proinflam-
matory cytokines (e.g., interleukin-1a [IL-1a, IL-1(3, IL-6,
and tumor necrosis factor-a [TNF-a]) through the activa-
tion of cell signaling networks (e.g., nuclear factor kB
[NF-kB] and mitogen-activated protein kinase). In contrast,
administration of probiotic compounds including bifidobac-
teria and lactobacilli have been noted to reduce proinflam-
matory responses (e.g., IL-1a, IL-6, and TNF-a) and in-
crease anti-inflammatory activity (e.g., IL-4 and IL-10) in
rodents (Messaoudi, Violle, et al., 2011). Similarly, micro-
bial metabolites, SCFAs, particularly butyrate, appear to
have a role in reducing this inflammation (Arpaia & Ruden-
sky, 2014; Maslowski et al., 2009).

Importantly, bacterial translocation, and LPS in particu-
lar, does not simply induce a peripheral inflammatory re-
sponse, but rather may also regulate neuroinflammatory
processes (Mills et al., 2013). Of particular relevance in this
context, microglia, a type of immune cells accounting for
approximately 5-12% of brain cells, have a central role in
neuroinflammation, being involved in the release of cyto-
kines in the brain (Rea et al., in press). Recent evidence has
emerged to indicate that the enteric microbiota has a prom-
inent role in the maturation and immunological functioning
of microglia. Germ-free mice, for example, exhibit wide-
spread malformations in microglia and associated impair-
ments in immune responsiveness. These defects appear to
be remedied, at least in part, by the introduction of a
complex microbiota, or even SCFAs in the absence of a
complex microbiota (Erny et al., 2015). The manner
through which the enteric microbiota is involved in regu-
lating neuroinflammation may be through the migration of
microbial byproducts (e.g., SCFAs) and proinflammatory
cytokines across the blood—brain barrier (Rea et al., in
press). Furthermore, TNF-a, in particular, appears to acti-
vate microglia, which draw inflammatory monocytes from
the peripheral immune system into the brain (D’Mello, Le,
& Swain, 2009).

It is worth noting too that several studies in humans have
also documented a link between stress exposure and proin-
flammatory cytokines. Much of the focus in this area has
been on interpersonal stress, which, relative to other forms
of stress, is particularly predictive of depression and anxiety
(Hammen, 2005; Heimberg, Brozovich, & Rapee, 2010;
Kendler, Gardner, & Prescott, 2002). Specifically, interper-
sonal stress has been prospectively associated with an ele-
vated I1-6 response to a microbial challenge in the form of
LPS (Miller, Rohleder, & Cole, 2009). Furthermore, in a
sample of adolescent girls at risk for developing depression,
interpersonal events involving rejection by others were pro-
spectively linked with greater NF-k B mRNA activity (Mur-
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phy, Slavich, Rohleder, & Miller, 2013). Additional support
of an association between psychosocial stressors and cyto-
kine in humans comes from studies involving experimental
induction of interpersonal stress. That is, exposure to a
laboratory social stressor results in an increase in circulating
proinflammatory cytokines, particularly IL-1@, IL-6, and
TNF-a (Kemeny, 2009; Steptoe, Hamer, & Chida, 2007).
Indeed, one study found LPS-stimulated production of
TNF-a to increase subsequent to experiencing a social-
evaluative stressor (Dickerson, Gable, Irwin, Aziz, & Ke-
meny, 2009). In addition to increasing concentrations of
proinflammatory cytokines, psychosocial stressors in hu-
mans have been associated with reductions in anti-
inflammatory cytokines (e.g., IL-10; Raison, Capuron, &
Miller, 2006).

Proinflammatory cytokines, in turn, have been implicated
in the pathophysiology of stress-related psychiatric disor-
ders such as depression. In a meta-analysis, IL-6 and TNF-«a
concentrations were consistently elevated in depressed rel-
ative to nondepressed individuals (Dowlati et al., 2010).
Suggestive of a causal relation, exposure to IL-1B and
TNF-a appear to produce depressotypic behavior in rodents
(Dantzer, O’Connor, Freund, Johnson, & Kelley, 2008).
Moreover, individuals administered IL-2 and interferon-a
have been noted to be at greater risk for clinically elevated
symptoms of depression (Raison et al., 2006). Documenting
a link between psychosocial stressors, proinflammatory cy-
tokines, and depression, a recent study found that among
adolescents with a history of childhood adversity, elevated
IL-6 concentrations predicted the subsequent occurrence of
depression (Miller & Cole, 2012). Importantly, this relation
was not observed in adolescents with no prior history of
childhood adversity.

Of note, evidence of epithelial permeability and bacterial
translocation has also been found for depression, with ele-
vated serum immunoglobulin A and immunoglobulin M
mediated immune responses to the LPS of several gram-
negative enterobacteria in depressed individuals relative to
controls (Maes, Kubera, & Leunis, 2008; Maes et al., 2012).
What remains to be directly evaluated, however, is whether
this greater intestinal permeability and associated increase
in circulating proinflammatory cytokines are induced by
exposure to psychosocial stressors in humans, and leads to
subsequently heightened risk for stress-related psychiatric
illnesses such as depression, through proinflammatory me-
diational pathways.

HPA Axis

There is accumulating evidence from separate lines of
research consistent with the possibility that neuroendocri-
nological dysregulation may also be involved in this poten-
tial pathway linking psychosocial stressors, the enteric mi-
crobiome, proinflammatory cytokines, and mental illness.

First, that response to psychosocial stressors is mediated by
the HPA system has been well established (de Kloet et al.,
2005; Gunnar & Quevedo, 2007). This appears to be par-
ticularly true for interpersonal and uncontrollable stressors
(Dickerson & Kemeny, 2004), such as those that are espe-
cially relevant to the etiology of several stress-related psy-
chiatric conditions (e.g., depression; Hammen, 2005; Heim-
berg et al., 2010; Kendler et al., 2002; Mazure, 1998).
Exposure to psychosocial stressors stimulates the release of
corticotropin-releasing hormone (CRH) and arginine vaso-
pressin from the paraventricular nucleus of the hypothala-
mus. These hormones, in turn, trigger the secretion of ad-
renocorticotropin  (ACTH) from the anterior pituitary,
leading to the downstream production and release of gluco-
corticoids (particularly cortisol in humans and corticoste-
rone in rodents) from the adrenal cortex. Under normal
circumstances, these glucocorticoids down-regulate CRH,
arginine vasopressin, and ACTH activity in a negative feed-
back loop, thereby maintaining neuroendocrinological equi-
librium. This negative feedback cycle is mediated by min-
eralocorticoid receptors and glucocorticoid receptors,
situated particularly in the hippocampus, hypothalamus, and
pituitary (Gunnar & Quevedo, 2007). Exposure to chronic
or severe stressors, and attendant prolonged elevations in
glucocorticoid concentrations, however, can result in dys-
regulation of the HPA axis (Miller, Chen, & Zhou, 2007).
Additionally, and paralleling the finding that early life stres-
sors are associated with long-term changes in microbiome
composition (Bailey et al., 2011; Barouei et al., 2012;
O’Mahony et al., 2009), adverse childhood experiences
appear to produce lasting irregularities in HPA axis func-
tioning, which, in turn, may confer risk for subsequent
mental illness (Pariante & Lightman, 2008; Rao, Hammen,
Ortiz, Chen, & Poland, 2008).

Indeed, anomalous HPA axis activity has been observed
for certain psychiatric conditions, particularly depression.
Hypersecretion of CRH has been found for this disorder
(Raison et al., 2006). Furthermore, in a meta-analytic re-
view, depression was associated with higher basal cortisol
concentrations, and a heightened response to psychosocial
stressors (Lopez-Duran, Kovacs, & George, 2009). This
hyperactivity of the HPA axis observed in depression is
believed to be a consequence of impaired negative feedback
regulation of CRH by glucocorticoids, which itself may be
a product of altered glucocorticoid receptor functioning
(Raison et al., 2006). Furthermore, the dexamethasone sup-
pression test (DST) is an experimental paradigm often used
to assess HPA axis functioning, based on the observation
that glucocorticoid receptors have an affinity for this steroid
(Pariante & Lightman, 2008). With a normally functioning
HPA system, DST administration leads to a suppression of
CRH and ACTH production, and a resulting decrease in
circulating cortisol. In contrast, and indicative of dysfunc-
tion in the HPA axis negative feedback system, depression
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is associated with nonsuppression of cortisol in response to
the DST (Lopez-Duran et al., 2009). Consistent with this
finding, experimental induction of glucocorticoid receptor
resistance has been noted to produce depression-like behav-
ior in rodents (Pariante & Lightman, 2008). Treatment with
antidepressants appears to lead to resolution of this abnor-
mal glucocorticoid receptor activity on the HPA axis, in-
creasing glucocorticoid receptor expression and functioning
(Foster & McVey Neufeld, 2013; Heuser et al., 1996; Pari-
ante & Lightman, 2008).

Potentially mediating the relationship between psychoso-
cial stressors and HPA dysregulation, and thereby depres-
sion, are proinflammatory cytokines (Maes, 1995; Turnbull
& Rivier, 1999). Immunoregulatory inflammation and HPA
axis dysregulation have been hypothesized to be part of the
same pathophysiology underlying depression (Pariante &
Lightman, 2008). Accumulating evidence lends support to
the view that proinflammatory cytokines have a role in
hyperactivation of the HPA axis (Raison et al., 2000).
Specifically, immunoregulatory inflammation may be in-
volved in HPA axis activation through the direct effect of
proinflammatory cytokines on the brain, and indirectly
through the development of glucocorticoid receptor resis-
tance (Raison et al., 2006). Support for the first pathway
comes from the finding that proinflammatory cytokines
stimulate the release of CRH, leading to elevated concen-
trations of glucocorticoids (Dantzer et al., 2008; Maes,
1995). Consistent with the second possibility, IL-la has
been found to impair glucocorticoid receptor functioning
through the effect of NF-kB and p38 mitogen-activated
protein kinase (Raison et al., 2006; Wang, Wu, & Miller,
2004). Cytokine-induced glucocorticoid receptor resistance,
in turn, may reduce the ability of glucocorticoids to regulate
CRH and proinflammatory cytokine activity in normative
negative feedback loops. Instead, the resulting increase in
proinflammatory cytokine concentrations leads to further
glucocorticoid receptor resistance and attendant CRH dys-
regulation to form a positive feedback cycle (Dantzer et al.,
2008).

Research relating the enteric microbiome to HPA axis
functioning was stimulated by the finding that germ-free
mice (i.e., those without enteric microbes) exhibited exag-
gerated ACTH and corticosterone responses to stress (Sudo
et al., 2004). This exaggerated stress response can in part be
reversed with the administration of Bifidobacterium infan-
tis, and importantly, enteric colonization must occur during
a sensitive early developmental window for normative HPA
axis functioning to emerge (Sudo et al., 2004). Germ-free
mice appear to exhibit reduced anxiety, however, a finding
that runs counter to what would be expected with a hyper-
active HPA system (Cryan & Dinan, 2012). Perhaps more
clearly suggestive of the potential influence of the enteric
microbiota on HPA axis functioning, a recent study found
LPS to stimulate the production of proinflammatory cyto-

kines IL-13, IL-6, and TNF-«, and consequently, glucocor-
ticoids (Glennon, Kaunzner, Gagnidze, McEwen, &
Bulloch, 2015). Furthermore, administration of probiotics
consisting of Lactobacillus spp. during early stress exposure
in rats has been found to normalize basal corticosterone
concentrations (Foster & McVey Neufeld, 2013). Congru-
ent with this finding, prophylactic administration of rats
with the probiotic Lactobacillus farciminis results in de-
creased intestinal permeability and prevents HPA dysregu-
lation in response to stress (Ait-Belgnaoui et al., 2012).
Additionally, Lactobacillus spp. leads to reductions in cor-
ticosterone concentrations in rodents subjected to early ma-
ternal separation (Dinan et al., 2015). Although Bifidobac-
terium infantis was found to reduce stress response with
maternal separation paradigm, corticosterone levels re-
mained unchanged (Dinan et al., 2015), perhaps suggestive
of a degree of specificity in the bacterial species involved in
modulating the HPA axis. In a rare human study, albeit with
healthy volunteers, a combination of Lactobacillus helveti-
cus and Bifidobacterium longum resulted in lowered urinary
free cortisol (Messaoudi, Violle, et al., 2011). Also support-
ive of potential microbial influences on the HPA axis,
ingestion of a prebiotic compound led to a reduction in
waking cortisol in healthy humans (Schmidt et al., 2015).
Administration of Lactobacillus spp. and Bifidobacterium
spp., however, yielded no effect on HPA axis activity in a
recent randomized control trial with humans (Mohammadi
et al., 2015), suggestive of the need for more research to
clarify the specific microbes that may potentially modulate
HPA axis activity.

Vagus Nerve

Finally, a vagal-mediated pathway may also be involved
in the link between stress-induced dysbiosis, cytokine ac-
tivity, and psychiatric illness. Cardiac vagal control (i.e.,
respiratory-associated changes in heart rate) is often as-
sessed in the psychological literature as a physiological
index of emotion regulation, especially in response to stress.
Cardiac vagal control has been studied particularly with
depression, with lower heart rate variability being found to
be associated with this disorder (Kemp et al., 2010; Raison
et al., 2006). Moreover, vagus nerve stimulation is FDA-
approved as an adjunctive treatment for refractory depres-
sion (U.S. Food and Drug Administration, 2005).

Recent evidence has also emerged implicating the vagus
nerve as a neural pathway in the relationship between the
enteric microbiota and mental health. Specifically, the an-
tidepressant and anxiolytic properties and associated neuro-
chemical effects of Lactobacillus rhamnosus are absent in
vagotomized rodents (Bravo et al., 2011). Vagotomy in
rodents also appears to prevent colitis-induced anxiety-like
behavior (Bercik, Park, et al., 2011). Furthermore, admin-
istration of the probiotic Bifidobacterium longum requires
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an intact vagus nerve to exert an anxiolytic effect. Contrast-
ingly, antibiotic-induced alterations in the enteric microbi-
ota appear to produce behavioral and neurochemical
changes through pathways independent of vagus nerve
function, suggesting pathways other than the vagus nerve
may exist between the enteric microbiota and the brain (e.g.,
HPA axis hyperactivation; Bercik, Denou, et al., 2011;
Dinan et al., 2015). Although it is not yet entirely clear how
the enteric microbiota activates the vagus nerve, proinflam-
matory cytokines may be one potential mechanism. Indeed,
stimulation of the vagus nerve has been observed to occur in
response to proinflammatory cytokines (e.g., IL-13 and
TNF-a), as well as endotoxins (e.g., LPS) that produce a
proinflammatory immunological response (Collins & Ber-
cik, 2009).

An Integrative Model

Drawing on these different lines of research, an integra-
tive conceptual model of the relation between the enteric
microbiome and mental illness is proposed with the view of
guiding future work in this area (see Figure 1). According to
this model, in the case of a healthy enteric microbiota,
microbial byproducts (e.g., SCFAs, such as butyrate, as well
as neurotransmitters and the serotonin precursor tryptophan)

SCFA
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Figure 1.

are directly involved in maintaining health brain function-
ing, being able to cross the blood—brain barrier. The micro-
bial byproduct tryptophan is synthesized into serotonin after
crossing this barrier. SCFAs, in particular, are involved in
tightening the junctions between cells in the blood—brain
barrier, and in proper microglia development and function-
ing.

The enteric microbiota is disturbed by psychosocial stres-
sors (i.e., enteric dysbiosis), particularly in terms of a re-
duction in bifidobacteria and lactobacilli, and lead to in-
creased permeability of the intestinal epithelium, which, in
turn, permits bacterial translocation across the intestinal
mucosa into the MLNs and bloodstream. The stress-induced
enteric dysregulation confers risk for psychiatric illness
through immunoregulatory, endocrinal, and neural path-
ways. Specifically, enteric dysfunction, especially as man-
ifested by the presence of LPS in translocated bacteria,
stimulates the production of circulating proinflammatory
cytokines (e.g., IL-la, IL-1B, IL-6, and TNF-a). These
proinflammatory cytokines cause dysregulation of the HPA
system by stimulating overproduction of CRH and gluco-
corticoid resistance. This immune activation also mediates
the effect of stress-induced enteric dysfunction through a
vagal afferent pathway. The dysregulation of the HPA sys-

l Vagus Nerve ‘
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L
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Schematic diagram of an integrative conceptual model of potential immunoregulatory, endocrinal,

and neural pathways underlying the relationship between psychosocial stressors, the enteric microbiota, and
stress-related psychiatric illness. See the online article for the color version of this figure.
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tem and vagus nerve activation, in turn, lead to elevated risk
for stress-related psychiatric disorders. Finally, proinflam-
matory cytokines are also able to migrate across the blood—
brain barrier, stimulating a neuroinflammatory reaction
from microglia, which draw monocytes from the peripheral
immune system. It should be noted that this proposed model
is by no means exhaustive in delineating the potential me-
diating pathways linking enteric dysregulation and mental
illness. Rather, the emphasis in the current model is on
potential mechanisms that have been linked to stress and
implicated in stress-related psychiatric conditions, particu-
larly depression.

Conclusions

The research to date is consistent with the possibility that
stress-induced enteric dysfunction may heighten risk for
psychiatric illness through a combination of immunoregu-
latory, endocrinal, and neural mechanisms. There is need for
future studies directly examining the interrelationship be-
tween these processes, particularly in terms of mediational
relationships. Furthermore, much of the existing research
has been conducted with animal models, and to a lesser
degree, healthy human subjects. Although such work is
important, more research is required with psychiatric pop-
ulations to determine the relevance of these potential mech-
anisms to clinically meaningful phenomena.

Elucidating the relation between the enteric microbiome
and stress-related manifestations of mental illness, as well
as the processes underlying this relationship, is clinically
important insofar as it may be a promising avenue for the
development of a novel class of treatments for these condi-
tions. It is worth noting within this context that there is some
preliminary evidence in a rodent study (Messaoudi, Violle,
et al., 2011) that probiotics may be free of some of the
cognitive side effects and addictive properties of some
currently available psychopharmacological medications,
which is suggestive of their potential safety and tolerability
as a form of treatment. With the recent stagnation in the
development of psychopharmacological agents for treating
mental illness (Hyman, 2012; Insel, 2015; Miller, 2010), the
need for the development of new treatment options is more
pressing than ever.
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