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Abstract

The traditional fields of pharmacology and toxicology are beginning to con-
sider the substantial impact our gut microbiota has on host physiology. The
microbiota-gut-brain axis is emerging as a particular area of interest and a
potential new therapeutic target for effective treatment of central nervous
system disorders, in addition to being a potential cause of drug side effects.
Microbiota-gut-brain axis signaling can occur via several pathways, includ-
ing via the immune system, recruitment of host neurochemical signaling,
direct enteric nervous system routes and the vagus nerve, and the produc-
tion of bacterial metabolites. Altered gut microbial profiles have been de-
scribed in several psychiatric and neurological disorders. Psychobiotics, live
biotherapeutics or substances whose beneficial effects on the brain are bacte-
rially mediated, are currently being investigated as direct and/or adjunctive
therapies for psychiatric and neurodevelopmental disorders and possibly for
neurodegenerative disease, and they may emerge as new therapeutic options
in the clinical management of brain disorders.
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INTRODUCTION
A man’s body and his mind, with the utmost reverence to both I speak it, are exactly like a jerkin, and
a jerkin’s lining;—rumple the one,—you rumple the other.

—Laurence Sterne (1759),The Life andOpinions of Tristram Shandy,Gentleman

The concept of targeting the body rather than brain for treating psychiatric and neurological
conditions may seem outlandish even now, 260 years since Sterne’s great text. However, over the
last decade it has received much attention. Indeed, it is becoming more and more apparent that
biologists must include the impact of our microbiota in any consideration of human physiology,
including pharmacokinetics and pharmacodynamics following drug administration. The micro-
biota inhabiting our bodies outnumbers our human cells by approximately 1.3:1 (1) and comprises
a vast ecology of bacteria, yeasts, and parasites such as helminths, viruses, and protozoa. Currently,
we know the most about the bacterial population present, particularly the bacteria within our gas-
trointestinal (GI) tract; however, we are very much in the dark when it comes to elucidating the
precise impact of these microbes on host health. The exact composition of the gut microbiota
present in each individual is different (2), and it is still unclear what definitively constitutes a
healthy adult gut microbial profile other than one that exhibits both diversity and stability. These
commensal gut microbes, microbes naturally present in the gut, largely have a more symbiotic
relationship with their host than the term commensal suggests. They have several important roles
in digestion, including fermentation of undigested carbohydrates, production of vitamins and sec-
ondary bile acids, and immune system development. However, it is clear that we need to consider
the impact of our gut microbiota, particularly in the fields of pharmacology and toxicology.

These fields have traditionally focused on the direct absorption, distribution, metabolism, and
excretion of drugs and the interaction of these drugs with their target receptors, transporters, or
enzymes in the host to produce both benefits and undesirable side effects.We must now addition-
ally consider that the gut microbiota, particularly in the case of drugs taken orally, can both impact
the metabolism of the drugs and be a crucial effector/mediator of drug response. In addition to
possessing poisonous qualities in its own right when present in unfavorable configurations, or in
the case of invading pathogenic species, it is also possible that we could directly target the gut
microbiota to treat an increasing number of diseases and that the gut microbiota represents an
exciting reservoir of new therapeutic opportunities. In the present review, we focus on targeting
bacterial gut microbiota in order to impact microbiota-gut-brain axis signaling for the effective
treatment of central nervous system (CNS) disorders. It is important to note, however, that the
virome (3) and mycobiome (4) also play a role in microbiota-gut-brain axis signaling.

MICROBIOTA-GUT-BRAIN AXIS

Gut Microbiota Profile

The presence of bidirectional gut-brain communication may seem obvious with respect to the
central control of hunger and satiety signals and factors originating in the gut that regulate food
intake in the short term (5). However, it is becoming more apparent that such communication is
more widely implicated in cognition, social behavior, fear expression, and stress response.Changes
in behavior are associated with both GI illness and functional GI disorders (disorders in which
there is no overt GI pathology present but which have a high psychological component) and can
result in severe GI discomfort. Furthermore, acute and chronic stress, anxiety, and depression are
all impacted by the gut microbial profile (6), which is itself regulated by multiple factors. Colo-
nization of the gut is considered by most researchers in the field to primarily occur at birth, and
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the microbiome seeded in the infant initially resembles that of the maternal vagina (7). This oc-
curs at the same time as a critical period in normal stress-response development: the development
of the hypothalamic-pituitary-adrenal (HPA) axis (8). Birth via Caesarean section (C-section) re-
sults in a very different seeding of the gut microbiota than that from vaginal delivery, the former
encompassing microbes present on the skin and from the delivery suite (7), and these infants
have a lower colonization of Bifidobacterium, Bacteroides, and Lactobacillus. The latter profile more
closely resembles the maternal vaginal microbiome (7). The gut microbiome profile of C-section-
delivered infants becomes closer to that of vaginally delivered infants within the first two years of
life (9); however, the functional effects of the differential seeding may endure (10) and have been
postulated to be linked to the increased relative risk for childhood obesity (11) and asthma (12).
Furthermore, the composition of the gut microbiota in early life is further influenced by a variety
of factors, including the impact of prenatal antibiotic use, breastfeeding, growth in the first years
of life, and geography (13). Throughout life, the composition of the gut microbiome is further
affected by diet (14), associated geography (15), exercise levels (16–18), antibiotic usage (19), and
the usage of other medications (20, 21) (Figure 1). Diet plays a huge role in the composition and
diversity of the gut microbiome, and alterations in diet can cause rapid changes in gut microbial
profiles (22). Consumption of a Mediterranean diet is associated with both a specific gut microbial
profile (23) and a host of beneficial health effects (14). Detrimental effects of poor diet, including
Western-style diets, upon the gut microbiome have been linked with the rise in the prevalence of
metabolic syndromes (24).

Signaling Mechanisms Behind Microbiota-Gut-Brain Axis Communication

Signaling in the microbiota-gut-brain axis can occur through a variety of mechanisms. Gut mi-
crobes can produce bioactive peptides, including neurotransmitters, transformation of secondary
bile acids, short-chain fatty acids (SCFAs), branched-chain amino acids, and gut hormones.
SCFAs, including acetate, butyrate, propionate, and lactate, can enter the circulatory system, and
it is plausible that they may signal to the brain via this route (25). Microbes can also mediate the
metabolism of tryptophan, thus modulating serotonin signaling in some cases (26). Dopamine,
noradrenaline, GABA, and acetylcholine can also be synthesized by gut microbes (27). The
gut wall is richly innervated by the enteric nervous system (ENS), mainly responsible for gut
motility, and this can be targeted by neurotransmitters and SCFAs. Furthermore, microbes
contain microbe-associated molecular patterns, which can be recognized by toll-like receptors in
the ENS. Indeed, immune signaling is an important mechanism by which microbiota-gut-brain
signaling occurs (28). The gut also contains a dense concentration of immune cells, which provide
a second line of defense to pathogens after the physical barrier of the mucous layer of the gut
epithelium. Production of pro- and anti-inflammatory cytokines can be influenced by the gut
microbiota, which can then signal to the brain via the circulatory system.Gut barrier permeability
may also be negatively impacted during stress (29, 30).

The vagus nerve is heavily implicated in microbiota-gut-brain axis signaling and is one of the
key modes of communication between the gut and the brain (31). Vagotomy, a surgical procedure
that was commonly used to treat peptic ulcer disease prior to the now-widespread availability of
pharmacological agents and the implication ofHelicobacter pylori in the disease, has been associated
with a decreased risk of developing Parkinson’s disease (PD) (32). Conversely, many of the ben-
eficial effects of Lactobacillus rhamnosus in a preclinical study were abolished following vagotomy
(33), and vagal nerve stimulation is used for treatment of resistant depression (34–36). Recently,
it was elegantly demonstrated using optogenetic stimulation that there is a vagal gut-to-brain axis
pathway to CNS reward neurons (37).Glutamate released from enteroendocrine cells can activate
these vagal afferents (38), while serotonin has also been implicated more generally (39).
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Figure 1

Factors affecting the gut microbiota profile. Multiple factors may impact, both positively and negatively, the
composition and diversity of the gut microbiota profile throughout the life span.

ALTERED GUT MICROBIAL PROFILE IN BRAIN DISORDERS

Alterations in gut microbial profiles observed in preclinical models at least partially translate over
to the human population. Differences in gut microbial profiles have been noted in Alzheimer’s
disease (AD) and PD patients and in patients with depression, autism, and post-traumatic stress
disorder (PTSD), described in more detail in this section. Furthermore, fecal microbiota trans-
plant (FMT) from patients with depression resulted in a transfer of the depressive phenotype from
patient into preclinical models, reinforcing the concept that alterations in gut microbial profile in
these disorders may have a direct impact on phenotypes (40).

Stress

Stress plays a significant role in altering the microbiota-gut-brain axis. Acute stress directly acti-
vates the HPA axis in order to respond appropriately to the stressor; however, prolonged, chronic
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stress can cause heightened inappropriate HPA axis activation (41). There is an abundance of pre-
clinical evidence describing stress-induced alterations in the microbiota-gut-brain axis in several
hosts, including rodents (42–46) and nonhuman primates (47, 48). Furthermore, changing the
early-life microbial profile through antibiotic exposure, lack of breastfeeding, birth by C-section,
infection, exposure to stress, and other environmental factors, in addition to host genetics, can
impact stress-related physiology and behavior (49), and the absence of a gut microbiota in germ-
free animals results in aberrant stress responses (50, 51). In humans, there is a paucity of studies
regarding specific stress-related alterations in the gut microbial profile.However, numerous stud-
ies have described an altered gut microbial profile in irritable bowel syndrome (IBS), a functional
GI disorder (41, 52, 53). Prenatal stress exposure in women has also been shown to result in al-
terations to the gut microbial profile of the infants in addition to later infant GI symptoms and
allergic reactions (54). Exposure to stress and anxiety through adverse life events can also impact
stress-related depressive states, which are also currently under investigation with regard to gut
microbiota profile.

Major Depressive Disorder

There are a number of studies describing gut microbial profile alterations in major depressive
disorder (MDD) in comparison to healthy controls (40, 55–59),with differing findings of increased
and decreased genera, and most describe decreased fecal microbial richness. Further evidence for
a role of gut microbiota in MDD comes from two studies describing FMTs from patients with
MDD into preclinical models, which transferred anxious and depressive phenotypes (40, 56). A
recent large-scale study of the FlemishGut Flora project also determined there were differences in
the gut microbiota profile in the depressive cohort, differences that were still present after having
taken into account the confounding effects of antidepressant medications (60). Coprococcus and
Dialister species were not present in the depressed cohorts, and their presence in the nondepressed
cohort was positively associated with quality of life scores (60), although it has been well noted
that the latter scores are not equivalent to depression per se (61).

Parkinson’s Disease

The presence of an altered gut microbial profile in PD has now been described in a variety of
different studies (62–68). Prodromal gut-related symptoms, mainly constipation, have frequently
been described in patients who go on to develop PD, and the initiation of PD etiology has been
postulated to begin in the gut (69). Indeed, FMT from PD patients into mouse models of PD
resulted in both motor deficits and neuroinflammation, providing further evidence that the gut
microbiota is linked with PD (68). Epidemiological studies have shown that individuals who un-
derwent a full truncal vagotomy for treatment of peptic ulcer disease have a diminished risk of PD
as they age and provide some insight into the possiblemicrobiota-gut-brain signaling involved (32,
70). The negative impact of Helicobacter pylori on the symptomatology of PD has been described
(71, 72), and a recent meta-analysis has determined there is clear benefit for the eradication of
H. pylori in ameliorating PD symptoms (73).

Alzheimer’s Disease

AD has also been described as having an association with an altered gut microbial profile, with
decreased richness and diversity found in very mild to mild AD (74) and differences in the Firmi-
cutes:Bacteroidetes ratio (75), which was previously described in obesity and provides interesting
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parallels into the link between AD and type 2 diabetes mellitus (T2DM) (76). Secondary bile acids,
which are metabolized from primary bile acids by gut microbiota, were recently determined to be
present at different levels in the serum of AD patients and patients with mild cognitive impair-
ment compared with cognitively normal older adults, and this was linked with brain pathology
(77). Furthermore, alterations in the gut microbial profile have been associated with cognitive
impairment in otherwise healthy older adults (78) as well as with amyloid-β load (79).

Other Brain Disorders

With regard to schizophrenia, there are limited studies on the impact of gut microbiota in the
disease, but schizophrenia does have a component of gut comorbidities (80). There is also prelim-
inary evidence that the presence of Candida albicans is associated with worse psychiatric symptoms
in males with schizophrenia (81). A recent study described specific taxa, including Veillonellaceae
and Lachnospiraceae, which were associated with schizophrenia severity (82). Furthermore, FMT
from these schizophrenia patients into germ-free mice caused a schizophrenic phenotype in the
animals, in addition to altering glutamate signaling (82).

Autism spectrum disorder (ASD) patients frequently present with gut-related comorbidities
(83), and indeed, unusual dietary patterns are a frequent occurrence in ASD patients. Several
studies have described alterations in the gut microbial profile in children with ASD (84–86), and
they particularly highlighted a reduced abundance of Bifidobacterium, considered to be a benefi-
cial genus. Furthermore, the studies described an increased abundance of Clostridia, a potentially
pathogenic genus. Treatment with vancomycin, a broad-spectrum antibiotic, resulted in positive
alterations in behavioral symptoms in one short-term study, further highlighting the role of an
aberrantly altered gut microbial profile in ASD (87). Furthermore, an FMT from healthy individ-
uals into ASD patients in an open-label study resulted in improvements in both gut comorbidities
and behaviors in the cohort (88).

A recent small study of the gut microbial profile in patients with bipolar disorder described
limited differences in the profiles of these patients; however, there were some correlations between
certain genera and sleep and stress states in the patients (89). Lastly, there is preliminary evidence
that an altered gut microbial profile also exists in PTSD patients (90).

THERAPEUTICALLY TARGETING THE MICROBIOTA-GUT-BRAIN
AXIS

Considering the emerging evidence for a role of the gut microbiota in these brain-related dis-
orders, it is not surprising that the gut microbiota is now being targeted to mediate beneficial
brain effects. The term psychobiotic was coined in 2013 by Dinan et al. (91, p. 720) as a novel
class of psychotropic, defined as a “live organism that, when ingested in adequate amounts, pro-
duces a health benefit in patients suffering from psychiatric illness.” This definition has since been
expanded to include “any exogenous influence whose effect on the brain is bacterially-mediated”
(25, p. 763). Psychobiotics, therefore, can include a range of substances that affect microbiota-gut-
brain axis signaling, including probiotics, prebiotics, synbiotics, and postbiotics (Figure 2). These
substances can be delivered through supplements, functional foods, and improvements to dietary
intake. It is notable that the first antidepressants on the market were also antibiotics (92, 93).

Probiotics: Live Biotherapeutics

Probiotics are defined as “live microorganisms that, when administered in adequate amounts, con-
fer a health benefit on the host” (9, p. 507). Probiotics were first described over 100 years ago in
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Figure 2

Potential psychobiotic therapies. These include probiotics, live biotherapeutics, prebiotics, synbiotics,
paraprobiotics, postbiotics, and fermented foods.

the work of Elie Metchnikoff, who described health benefits associated with the consumption of
lactic acid bacteria in fermented milk in a population of poor Bulgarians. There is now a plethora
of studies showing benefits of a variety of probiotic strains in abrogating stress, depression, and
anxiety-like behaviors in preclinical models in addition to a burgeoning number of successful hu-
man studies, albeit mostly indirectly, in nonpathological states or studies that were preliminary in
nature (Table 1). What becomes immediately obvious is that the health benefits of putative pro-
biotics are entirely strain-dependent, and not all probiotics have brain-beneficial effects (94–96).
Strains of Lactobacillus and Bifidobacteria, which have well-defined safety profiles, are frequently
used as probiotics, both genera generally being found to have beneficial health effects, but the
individual strain differences are paramount in determining efficacy. Furthermore, the successful
translation of promising probiotics, which have proven benefits in preclinical models, into hu-
man studies is not guaranteed (97). Probiotics generally do not become resident in the gut, that
is, probiotic formulations require daily consumption to maintain positive effects. In general, pro-
biotics are components of food products or are delivered as food supplements. Next-generation
probiotics, including probiotics formally recognized as live biotherapeutics in the United States,
encompass probiotics with no history of use but which may have health benefits, which may be
delivered under more traditional pharmaceutical routes rather than through food delivery and are
associated with a more stringent regulatory framework (98).

Psychiatry-related studies. Probiotics have proven to have some success in ameliorating mood
and depression states in a number of human studies. Treatment with a milk drink containing Lac-
tobacillus casei as part of a double-blind randomized controlled trial (RCT) resulted in mood score
improvements in an elderly cohort, with the most benefit seen in those participants who scored
the lowest in mood scores at baseline (99). A multibiotic of three strains (Lactobacillus acidophilus,
L. casei, and Bifidobacterium bifidum) given over a course of 8 weeks to an MDD cohort in an RCT
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Table 1 Probiotics studied with respect to microbiota-gut-brain axis signaling

Human cohort
studied Probiotic treatment

Treatment
duration Effect(s) Reference

Healthy
controls

Multibiotic: S. thermophilus CNCM
I-1630, L. bulgaricus CNCM I-1632,
L. lactis subsp. lactis CNCM I-1631,
L. acidophilus, S. thermophilus,
L. plantarum, B. lactis CNCM I-2494,
L. reuteri DSM 17938

3 weeks ↓ anxiety scores (HAM-A) 105

L. casei Shirota (YIT 9029) 8 weeks No change in psychological
parameters (anxiety, depression
scales)

↓ stress-related physical symptoms

152

Multibiotic: L. caseiW56, L. paracasei
W20, B. lactisW51 and W52,
L. salivariusW24, L. plantarumW62,
B. bifidumW23, L. acidophilusW22,
L. lactisW19

4 weeks Change in gut microbiota profile
Improvements in some anxiety and
depressive measures (LEIDS,
PANAS)

Improvements to emotional memory
(fMRI tasks)

125

Multibiotic: B. bifidumW23, B. lactis
W52, L. acidophilusW37, L. brevis
W63, L. caseiW56, L. salivariusW24,
L. lactisW19 and W58

4 weeks ↓ cognitive reactivity to sad moods
(LEIDS-R test), particularly
aggression and rumination
thoughts

No change to depression or anxiety

106

B. longum 1714 4 weeks ↑ neurocognitive performance (PAL)
Enhanced EEG mobility (frontal
midline)

108

L. rhamnosus ( JB-1)TM 4 weeks No significant impact on HPA axis,
stress, depression, anxiety, and
cognition

94

Fermented milk product: B. animalis
subsp. lactis

Multibiotic: S. thermophilus, L. bulgaricus,
L. lactis subsp. lactis

4 weeks Altered response to emotional
processing (fMRI)

151

Group 1: L. acidophilus LA5, B. lactis
BB12

Group 2: L. casei, L. acidophilus,
L. rhamnosus, L. bulgaricus, B. breve,
B. longum, S. thermophilus,
fructo-oligosaccharide

6 weeks Improvement in GHQ scale with
either probiotic treatment

Improved depression and anxiety
(DASS)

No effect on HPA axis activity or
kynurenine/tryptophan

112

Multibiotic: L. gasseri SBT2055,
B. longum SBT2928

12 weeks ↓ serum cortisol
Improvements in anxiety measures
(GHQ-28 subscale)

113

Low mood Multibiotic: L. helveticus R0052,
B. longum R0175

8 weeks No effect on the mood, stress, and
anxiety measures analyzed

120

(Continued)
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Table 1 (Continued)

Human cohort
studied Probiotic treatment

Treatment
duration Effect(s) Reference

Urinary-free
cortisol
10–50 ng/mL
(low)

Multibiotic: L. helveticus R0052,
B. longum R0175

30 days ↓ perceived stress scores (PSS),
depression and anxiety scores
(HADS)

↓ HSCL-90 subscores, including
somatization, obsessive-
compulsive, anxiety, and
depression scores

103

Stress Multibiotic: L. acidophilus Rosell-52,
B. longum Rosell-175

3 weeks ↓ stress-associated GI symptoms
No effect on other symptoms

(physical, psychological, sleep)

104

L. plantarum DR7 12 weeks ↓ stress and anxiety measures
Improvements in memory and

cognition
Enhanced serotonergic signaling
↓ plasma cortisol
↓ proinflammatory cytokines

114

Pregnancy L. rhamnosusHN001 <6 months ↓ postpartum depression and anxiety
scores (modified EPDS and STAI)

107

Students during
exam stress

L. casei Shirota YIT 9029 8 weeks ↓ salivary cortisol levels
↓ physical symptoms of stress/anxiety

109

L. plantarum 299v 14 days No difference in perceived stress
↑ L. plantarum 299v and Lactobacilli

on day 14 in saliva

111

Elderly L. casei Shirota (Yakult) 3 weeks Improvement in depression (POMS)
for people with worst baseline
mood scale

No effect on cognition

99

L. reuteri DSM 17938 12 weeks No persisting effects on depression,
anxiety, or perceived stress
(HADS, PSS)

96

L. helveticus IDCC3801 12 weeks ↑ cognitive performance in RVIP
and Stroop Color-Word task
(cognitively demanding tasks)

No effect on stress levels (PSS) or
depression levels (GDS-SF)

119

IBS patients B. longumNCC3001 6 weeks ↓ in depression scores (HADS-D)
No effect on anxiety
↓ response to fearful stimuli
↑ quality of life

102

102

Multibiotic: L. paracasei subsp. paracasei
F19, L. acidophilus La5, B. lactis Bb12

8 weeks No significant effects on anxiety or
depression measures (HADS)

153

(Continued)
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Table 1 (Continued)

Human cohort
studied Probiotic treatment

Treatment
duration Effect(s) Reference

MDD patients Multibiotic: L. acidophilus, L. casei,
B. bifidum

8 weeks ↓ depression scores (BDI) 100

Multibiotic: L. helveticus R0052,
B. longum R0175 (CNCM strain
I-3470)

8 weeks ↓ BDI score
↓ kynurenine:tryptophan ratio

101

L. plantarum 299V (adjunctive to
antidepressants)

8 weeks Improved attention and verbal
learning

↓ circulating kynurenine
concentration

123

C. butyricumMIYAIRI 588 (adjunctive to
antidepressants)

8 weeks Improvements in depression scores 115

Chronic fatigue
syndrome

L. casei Shirota 8 weeks ↓ anxiety symptoms (BAI)
No change in depression scores
(BDI)

110

AD patients Multibiotic: L. acidophilus, L. casei,
B. bifidum, L. fermentum

12 weeks ↑ cognition (MMSE)
Changes in blood lipid profile and
carbohydrate metabolism factors

121

Multibiotic: L. fermentum, L. plantarum,
B. lactis

or
L. acidophilus, B. bifidum, B. longum

12 weeks No effects on cognition 122

HIV patients Multibiotic: L. plantarum DSM 24730,
S. thermophilus DSM 24731, B. breve
DSM 24732, L. paracasei DSM 24733,
L. delbrueckii subsp. bulgaricus DSM
24734, L. acidophilus DSM 24735,
B. longum DSM 24736, B. infantis
DSM 24737

6 months ↑ neurocognitive performance in
multiple measures

124

Schizophrenia
patients

Multibiotic: L. rhamnosus GG,
B. animalis subsp. lactis Bb12

14 weeks No treatment effect in females
Alteration of C. albicans antibody
levels

81

Multibiotic: L. rhamnosus GG,
B. animalis subsp. lactis Bb12

14 weeks No changes in frequency of
psychotic symptoms

↓ incidence of severe bowel
difficulties

↓ acute von Willebrand factor
↑ MCP-1, BDNF, RANTES, MIP-1

131

Multibiotic: L. rhamnosus GG,
B. animalis subsp. lactis Bb12

2 weeks No differences in PANSS total
symptom score

↓ incidence of severe bowel
difficulties

130

B. breve A-1 4 weeks Improvements in anxiety and
depressive scores

132

(Continued)
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Table 1 (Continued)

Human cohort
studied Probiotic treatment

Treatment
duration Effect(s) Reference

Schizophrenia
patients/
Bipolar
patients

Multibiotic: L. rhamnosus GG, B. lactis
Bb12

14 weeks Improvements in gut symptoms
No effect on psychiatric symptoms

130

ASD Multibiotic: L. acidophilus, L. rhamnosus,
B. longum

3 months Improvements in autism severity
(ATEC)

129

↑ indicates an increase, and ↓ indicates a decrease. Abbreviations: AD, Alzheimer’s disease; ASD, autism spectrum disorder; ATEC, Autism Treatment Eval-
uation Checklist; BAI, Beck’s Anxiety Inventory; BDI, Beck’s Depression Inventory; DASS, depression anxiety stress scales; EEG, electroencephalography;
EPDS, Edinburgh Postnatal Depression Scale; GHQ, General Health Questionnaire; HADS, hospital anxiety and depression scale; HAM-A, Hamilton
Anxiety Rating Scale; HPA, hypothalamic-pituitary-adrenal; HSCL, Hopkins Symptom Checklist; IBS, irritable bowel syndrome; MDD, major depressive
disorder; MMSE, Mini–Mental State Examination; PAL, paired associates learning; PANAS, positive and negative affect schedule; PANSS, positive and
negative syndrome scale; POMS, profile of mood states; PSS, perceived stress scale; RVIP, rapid visual information processing; STAI, State-Trait Anxiety
Inventory.

resulted in ameliorations in scores of depression in self-report scales, compared with placebo
(100), while a study on a Lactobacillus helveticus and a Bifidobacterium longum strain showed
improvements in depression scores in a depressed cohort (101). A 6-week intervention with a
B. longum strain in IBS patients resulted in an improvement in depression, but not anxiety, scores
(102). L. helveticus and B. longum have also been described to benefit anxiety and stress responses
(103), and an L. acidophilus and B. longum combination reduced stress-associated GI symptoms
in stress-affected individuals (104). Additionally, a multistrain probiotic [Streptococcus thermophilus
(2 strains), Lactobacillus bulgaricus, Lactobacillus lactis, L. acidophilus, Lactobacillus plantarum, Bifi-
dobacterium lactis, and Lactobacillus reuteri] was recently described to have anxiolytic effects in
healthy controls (105), while another multistrain probiotic (nine species, including Lactobacilli and
Bifidobacterium) given to healthy controls improved cognitive reactivity to sad mood (106). An
RCT of an L. rhamnosus strain significantly lowered measures of anxiety and postnatal depression
when taken during pregnancy (107). A study from our lab outlined improvements in anxiety
and cognition due to a B. longum strain intervention in healthy volunteers (108). Otherwise
healthy medical students had reduced levels of stress related to university examinations following
consumption of a fermented milk containing the probiotic L. casei Shirota (109). This strain was
previously shown to reduce anxiety symptoms in patients with chronic fatigue syndrome (110).
Increases in salivary cortisol observed during an exam stress period were also diminished in a
healthy student population consuming an L. plantarum 299v probiotic strain (111). Furthermore,
improvements in depression and anxiety scores were observed in a probiotic intervention study
in arms examining probiotic-supplemented yoghurt and an arm using capsules containing
probiotic, versus standard yoghurt alone, and the improvements were found to be unrelated to
changes in kynurenine signaling (112). Positive changes in stress measures and salivary cortisol
and improvements in immune response have also been observed in a 12-week intervention of
Lactobacillus gasseri and B. longum in healthy controls (113). A recent study further described
multiple benefits of L. plantarum in stressed but otherwise healthy adults, including a reduction
of stress and anxiety measures and improvements in multiple aspects of memory and cognition,
enhanced serotonergic signaling, and reductions in cortisol and proinflammatory cytokines (114).

Interestingly, probiotics have also been studied as a potential adjunct therapy in combination
with antidepressant drugs in a cohort of treatment-resistant depressions, showing some promise
in an open-label study (115). These findings are supported by systematic reviews of the use of
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the therapeutic potential of probiotics in MDD (116–118). On the other hand, some studies have
failed to show any benefit of probiotic supplementation toMDD patients in terms of ameliorating
depression scores, reinforcing the strain-dependent nature of putative psychobiotics (119, 120), as
highlighted in one recent systematic review (95).

Neurology-related studies.There has been a limited number of studies using probiotic inter-
ventions to attempt to ameliorate some of the cognitive deficits resulting fromAD.One such RCT,
using a multistrain probiotic in a milk drink (L. acidophilus, L. casei, B. bifidum, and Lactobacillus fer-
mentum species) resulted in improvements in Mini–Mental State Exam scores (121). However, no
improvements in cognition were observed in a severe AD cohort (122) in another RCT by the
same group, using other Lactobacilli and Bifidobacterium strains, again highlighting the differential
effects of the strain level in formulating effective probiotics as well as emphasizing the need for
clarity with regard to the best time to therapeutically intervene in progressive disease. Cognitive
performance, as measured in tests of attention and verbal learning, was improved in a recent study
of an MDD patient cohort due to supplementation with L. plantarum (123). Cognition was also
improved following a 6-month intervention with a multistrain probiotic in a cohort of HIV pa-
tients (124). Furthermore, emotional memory performance was improved in a cohort of healthy
volunteers following a 4-week intervention with a multistrain probiotic (125).

Certain probiotic strains have shown promise in ameliorating behavioral and neurochemical
perturbations in preclinical models of ASD (126, 127). Human research on the use of probiotics
in ASD is in its infancy and is focused on improvement in gut-related comorbidities (128), though
there is also some preliminary evidence for behavioral change (129). Adjunctive L. rhamnosus and
Bifidobacterium animalis treatment of schizophrenic patients improved gut health with no beneficial
effects on psychiatric symptom severity (130). Improvements to peripheral inflammatory profiles
have also been observed due to a 14-week intervention with L. rhamnosus plus B. animalis as an
adjunctive treatment in chronic schizophrenia patients (131). A recent open-label study on Bifi-
dobacterium breve supplementation in schizophrenic patients reported a beneficial effect on anxiety
and depression scores, although there was no placebo arm to this study (132).

Prebiotics

Much work has been done on attempting to directly modulate the gut microbiota by the intro-
duction of living microorganisms, probiotics, to the system. However, there are many technical
and pragmatic difficulties with this approach. These include ensuring the survival of the pro-
biotic transiting through the hostile environment of altered pH levels, from the acidity of the
stomach to the alkali bile salt environment, to the location in the intestines where it can exert its
potential therapeutic effect; the ease of fermentation and issues in continuity and consistency in
batch production; the inability of probiotics to colonize the environment in the long term; and
the selection of appropriate strains. Alternatively, targeting the beneficial host microbiota and en-
abling these bacteria to thrive is now presenting an exciting possibility. Prebiotics are defined as a
“substrate that is selectively utilized by host microorganisms conferring a health benefit” (133,
p. 493). For the most part, prebiotics consist of fibers such as inulin, fructo-oligosaccharides,
galacto-oligosaccharides (GOSs), and resistant starch, which fail to be absorbed in the small in-
testine and are selectively fermented by gut microbes. Prebiotics are found in a wide variety of
fruits, vegetables, and grains, entities that are increasingly diminished in the Western-style diet.
Prebiotics are also found in human milk (human milk oligosaccharides) (134). Interventions with
prebiotics have the advantage of potentially being able to improve gut microbial status more glob-
ally, as opposed to the use of single- or multistrain probiotics.
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Regarding the microbiota-gut-brain axis, there are now multiple studies using prebiotics that
resulted in beneficial outcomes. Administration of a 3-week course of B-GOS resulted in a
decreased cortisol awakening response in a healthy volunteer cohort (135), while another study
determined that GOS supplementation caused a significant decrease in anxiety scores in an IBS
cohort (136). However, other studies have failed to find evidence that prebiotic intervention im-
proved mood scores in an MDD cohort (101). A B-GOS intervention resulted in behavioral im-
provements in a cohort of children with ASD when included with a restrictive diet intervention
(137). Administration of resistant starch in a cohort of schizophrenia or bipolar disorder patients
on stable atypical antipsychotic medication showed variable alterations in gut microbiome profiles
in a recent study that aimed to examine the tolerability of the prebiotic in this population (138).

Synbiotics

Synbiotics are a combination of probiotics and prebiotics, whereby the prebiotics are in place to
improve the viability of the probiotic, providing a source of fermentable fiber as well as acting
as a general prebiotic. A synbiotic comprising GOS and a dual-strain probiotic (L. helveticus and
B. longum) caused a reduction in depression scores and positively impacted tryptophan signaling in
mild tomoderateMDD (101). Functional GI symptoms were improved in a PD cohort in an RCT
on a synbiotic containing multistrain probiotics plus a prebiotic (139). There is limited evidence
for ameliorations inmicrobiota-gut-brain axis signaling in PTSD,with one study showing positive
results of a fermented soy drink in a PTSD cohort (140). A recent pilot study has shown some
promise for the use of a synbiotic (Bifidobacterium infantis plus oligosaccharides) in ameliorating
some of the gut-related comorbidities related to ASD (141).

Postbiotics

Postbiotics are nonviable entities that are metabolites of bacterial fermentation and include bioac-
tives such as SCFAs.We also consider the consequences of bacterial interaction with the host and
the resultant bioactives such as gut peptides as being postbiotics. There are limited studies in hu-
mans regarding the administration of bioactives and their effect on brain health; however, the
general impacts of the gut microbiome and SCFAs on metabolic traits and disease have recently
been described (142). Regarding brain health, preclinical studies have described anxiolytic effects
of an SCFA combination (a mixture of acetate, propionate, and butyrate) administered to mice un-
dergoing psychosocial stress (143). Propionic acid administration to rats resulted in an autism-like
phenotype (144). In one human interventional study of an inulin-propionate ester that increases
propionate production in the colon, brain imaging (via functional MRI) done to determine re-
sponses to a food picture evaluation task showed a reduction in anticipatory reward responses in
the striatum due to the supplement. It is therefore plausible that behaviors can be targeted through
supplementation with such bioactives.

Gut peptides have a well-established role in influencing behavior and also a role in stress,
anxiety, and depression (for a review, see 145). While technical issues may hinder the use of gut
peptides directly as an intervention in gut-brain axis signaling, targeting specific microbiota in
order to modulate specific gut peptides may be a useful psychobiotic therapy.

Paraprobiotics, or nonviable probiotics, e.g., heat-killed probiotics, can also be included in the
category of postbiotics (146) in that they contain structural components that may exert biological
activity in the host, and there are now a number of human studies on the microbiota-gut-brain
axis regarding supplementation with paraprobiotics. Stress experienced due to university exams
in medical students was alleviated by a 12-week intervention with a heat-killed, washed, parapro-
biotic CP2305, with some improvements in state anxiety scores in female students in addition to
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improved basal cortisol output and improvements in sleep measures (147). In preclinical studies,
several heat-killed probiotics have described antidepressant and anxiolytic effects, with heat-killed
Lactobacillus paracasei PS23 having benefits in a corticosterone-induced depressive phenotype, re-
versing hippocampal and prefrontal cortex reductions in dopamine levels (148). Heat-killed para-
probiotics would have a distinct marketing advantage over probiotics (live biotherapeutics) by
having an increased shelf life and possibly in terms of an increased safety profile. However, not all
probiotic strains will be effective as heat-killed preparations, as observed in an intervention study
of an L. plantarum strain to improve anxiety-like behaviors in mice (149).

Fermented Foods and Diet

Fermented foods have long been staple parts of traditional cultures’ diets; indeed, this is how pro-
biotics were originally described by Elie Metchnikoff in a Bulgarian population. Fermented foods
contain probiotics, prebiotics, and bacterially derived bioactives (for a recent review, see 150). Two
of themost common strains used in the fermentation process include Lactobacillus delbrueckii subsp.
bulgaricus and S. thermophilus. In dairy products, lactic acid–producing Bifidobacterium and Lacto-
bacillus are commonly used. Studies using fermented food interventions in humans are limited;
however, there is some evidence showing ameliorations in anxiety and mood scores. Fermented
milk drinks have been found to result in positive benefits in emotional processing (151) and stress
(109, 152), while others have failed to find gut-brain axis benefits (153).

Mediterranean diets have described mental health benefits (154). One large-cohort, cross-
sectional study in women found healthier dietary patterns to be associated with better general
health scores and decreased incidence of anxiety and depression outcomes (155). A meta-analysis
of 22 studies also showed decreased risk of depression and cognitive impairment, including risk of
having AD, with increased adherence to a Mediterranean diet (156). Further meta-analyses have
corroborated these findings and described the benefits of Mediterranean diet consumption in ad-
dition to the detrimental effects of moreWestern-style diets (154, 157, 158). A recently published
meta-analysis of 14 observational studies described no significant association between the risk of
depression and adherence to the Mediterranean diet, but it did find an association with the odds
of depression in the cohorts (159). There is a need for more prospective dietary studies on the
benefits of diets rich in potential psychobiotics to fully elucidate the potential benefits regard-
ing stress, anxiety, and depressive outcomes. The first such study, the SMILES trial, described
a clear benefit of a dietary improvement intervention in a cohort with moderate to severe de-
pression (160), with an economic evaluation indicating this could potentially be a cost-effective
option for wider implementation (161). Dietary improvements also resulted in improved anxiety
and depression scores in a cohort of patients with diagnosed depression and/or anxiety following
a 12-week dietary advice intervention encompassing such positive changes as increasing fruit and
vegetable servings and reducing portion sizes (162). A further study also found improvements to
depression scores and quality of life scores in a cohort with diagnosed or self-reported depressive
symptoms following an intervention of a fish oil–supplemented Mediterranean diet (163). A re-
cent meta-analysis of dietary improvements on depression and anxiety found evidence of a benefit
to ameliorate depression measures but not anxiety measures (164).

There is clearly an increasing interest in harnessing the benefits of healthy diets in psychiatric
populations (165). TheMediterranean diet encompasses many elements that are rich in psychobi-
otics, particularly prebiotics. The combination of such a diet with items such as fermented foods
and postbiotics could lead to a diet with particularly beneficial microbiota-gut-brain axis signaling.
Such a psychobiotic diet is worthy of investigation for its potential benefits in mitigating stress,
anxiety, and depressive symptoms.
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MEDICATIONS AND THE MICROBIOME

While antibiotic treatment clearly has profound effects on the gut microbiome (19), a number of
recent studies highlighted the potential confounding effects of other medications in research on
the gut microbiome. In particular, a study on T2DM determined that metformin, a commonly
used antidiabetic medication, was responsible for much of the alterations in the gut microbiota
profiles of T2DM patients, which had previously been reported to be due to the disease. The
authors determined there was a specific T2DM gut microbiome signature when the confounding
effects of medication were taken into account and that the beneficial effects of metformin could
actually be mediated via the microbiome (166). There have since been several studies that have
described a plethora of drugs that may alter the gut microbiota profile (20, 21). Proton pump
inhibitors (PPIs) have a well-described effect on gut microbiota (167–170). Furthermore,multiple
nonantibiotic drugs have since been determined to have antimicrobial properties (171), including
several psychotropic medications, which may exert their beneficial or adverse effects, at least in
part, via altering microbial profiles or by activating microbiota-gut-brain axis signals (92, 172–
176). Indeed, a small, recently published study described increases in microbial alpha diversity
in a cohort of depressed patients who were hospitalized and treated with the selective serotonin
reuptake inhibitor antidepressant escitalopram for 6 weeks, compared with baseline samples that
were taken following a 1-week washout (177). However, it was noted that there was no placebo
group in this study on depressed patients due to ethical considerations, and the impact of the
hospital diet could be a confounding factor (177). Regarding PD, gut microbes have also been
determined to be responsible for a portion of the breakdown of levodopa (178). Overall, it is
becoming more apparent that the gut microbiota needs to be considered in any study on the
mechanisms of drug action in the body and in relation to either beneficial or adverse effects. The
gut microbiota could be harnessed to provide new therapeutic options in many cases or to limit
the metabolic side effects in others, such as with antipsychotics (92, 179), and the gut microbiota
may even be responsible for decreased efficacy of certain drugs in others.

SCREENING THE MICROBIOME FOR PSYCHOBIOTICS

Screening the microbiome to identify putative psychobiotics involves a very different process than
traditional drug screening (for reviews, see 97, 98) (Figure 3). Fresh fecal sampling, in conjunction
with fresh plating of resultant bacteria in a specific agar medium, and picking resultant colonies
are the first step. These fecal samples can be taken from a cross-sectional cohort, but targeting
individuals who are more resilient to stress-related measures could be of particular benefit, in ad-
dition to targeting strains present in low abundance in those with neurological and psychiatric
disorders. The strains are then identified using genome sequencing.While strains of certain gen-
era, e.g., Lactobacilli and Bifidobacteria, have recognized safety status in a number of jurisdictions,
other new probiotics require extensive profiling before being approved for use (for a review of
regulatory guidelines across a number of jurisdictions, see 180, 181). In the European Union, in
order tomeet the European Food Safety Authority’s Qualified Presumption of Safety, the group of
microorganisms must meet certain criteria, including the identification of their taxonomy, estab-
lishment of their safety, exclusion of pathogenic properties, and clear definition of their intended
usage (182).

Once the strains have been chosen, they can be used in a battery of assays, such as enzyme assays,
in addition to in vitro cell testing, whereby cells of interest are incubated with varying concentra-
tions of the probiotic candidates.Depending on the cell type of interest, the cells can bemonitored
for growth; morphology; and the production of anti-inflammatory cytokines and other bioactives
such as SCFAs, neurotransmitters, and hormones. G protein–coupled receptors (GPCRs) within
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Figure 3

Screening for potential psychobiotic therapies. The search for psychobiotics is multimodal and commences with the identification of
strains of interest, followed by a battery of testing to determine if there are positive effects on microbiota-gut-brain axis signaling.

the gut can be directly targeted by microbially produced bioactives (183), and classical pharmaco-
logical approaches can be used to determine microbial bioactive effects on GPCRs. If a candidate
probiotic shows particular benefits with regard to any of these factors, the probiotic can then be
used in preclinical in vivo testing, and further safety analysis can be performed.Decisions on when
to provide the supplement, whether in early life, adolescence, or adulthood and prior to or during
a stressor, need to be carefully considered. A further battery of behavioral testing is usually done
to determine whether any anxiolytic or antidepressant phenotypes can be elucidated.

PERSPECTIVES AND CONCLUSION

Rumpling the jerkin or the lining, the mind or the body, requires much reflection in the age of
the microbiome for those working in the areas of neuropharmacology and neurotoxicology. We
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have moved from a focus on single bacterial strains as pathogens to an emphasis on nurturing an
entire community of microbes, lest they become a pathological entity. There are many challenges
to conventional wisdom at play with the possibility that the alterations in the gut microbiota noted
in many CNS disorders may have a causal role in symptom expression and that many of the drugs
used to treat those disorders may be toxic to or support the diversity of our gut microbes. Un-
derstanding the fundamental rules of engagement, and their implications for pharmacokinetics
and pharmacodynamics, is a big project and one in need of support with greater mechanistic and
translational insights. It is, however, difficult to see how future drug development efforts cannot
incorporate this knowledge into discovery pipelines, and screening of human-directed drugs for
antimicrobial properties may soon become routine.

Direct targeting of the gut microbiome is, of course, a great opportunity to produce a new
generation of therapeutic options with superior safety profiles for CNS disorders by containing
the site of initial action within the gut. Supporting good mental health and increasing resilience
can easily be reconciled with a move to a more psychobiotic lifestyle that also stands to bene-
fit our general health on many fronts. However, it is also becoming more apparent that targeted
alterations in microbiota-gut-brain axis signaling represent a very real and exciting therapeutic
opportunity for adjunctive therapy for a number of psychological and psychiatric disorders. Min-
ing the gut microbiome for potential psychobiotics may pave the way for developing these new
interventions.
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