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ARTICLE INFO ABSTRACT

Keywords: Mental health is a public health concern among professional organizations, clinicians, and consumers alike,
Probiotics especially in light of the COVID-19 pandemic. Indeed, the World Health Organization has identified mental
Psychobiotics health as an epidemic of the 21st century contributing to the global health burden, which highlights the urgency
(S;X;X)nm to develop economical, accessible, minimally invasive interventions to effectively manage depression, anxiety,
Anxiety and stress. Nutritional approaches, including the use of probiotics and psychobiotics to manage depression and
Depression anxiety, have elicited interest in recent years. This review aimed to summarize evidence from studies including
animal models, cell cultures, and human subjects. Overall, the current evidence suggests that 1) Specific strains
of probiotics can reduce depressive symptoms and anxiety; 2) Symptoms may be reduced through one or more
possible mechanisms of action, including impact on the synthesis of neurotransmitters such as serotonin and
GABA, modulation of inflammatory cytokines, or enhancing stress responses through effects on stress hormones
and the HPA axis; and 3) While psychobiotics may offer therapeutic benefits to manage depression and anxiety,
further research, particularly human studies, is needed to better characterize their mode of action and under-
stand optimal dosing in the context of nutritional interventions.
Introduction U.S. were more than 3-fold higher during the COVID-19 pandemic than

before (8.5% increased to 27.8%) [4]. Social isolation, overburdened

The Center for Disease Control (CDC) indicates that as of 2020,
11.3% of Americans suffer from anxiety and 4.5% from depression. Of
those suffering, 8.8% are on disability, and another 11.9% have missed
six or more workdays due to their symptoms [1]. In 2018, 10.6% of all
doctor visits had depression noted on the medical record [1]. The World
Health Organization (WHO) has reported that more than 280 million
people worldwide are affected by depression, making it a leading cause
of disability [2]. Additionally, the WHO has identified mental wellness
issues “as the leading cause of ‘global disease burden’ and as the ‘health
epidemic of the 21st century’...” [3], highlighting the urgency to
develop interventions to effectively manage depression, anxiety, and
stress. Mental health is further highlighted as a concern resulting from
the COVID-19 pandemic. It is reported that depressive symptoms in the

healthcare systems, short-term and long-term symptoms, death, media
panic, boredom, food insecurity, limited outdoor exposure, financial
losses, and changes to dietary patterns, including consuming more
comfort foods or fast foods, are some of the reported stresses impacting
the mental health of many [5,6].

More than 2000 years ago, Hippocrates stated, “all disease begins in
the gut” [7]. Since this time, the recognition of the Gut-Brain Axis has
shifted the thinking of how the microbiome has a synergistic effect on
the human body, including the bidirectional signaling that occurs
(brain-gut and gut-brain) [8-11]. The connection of altered microbiota
is not only associated with digestive disorders but also mental health.
For example, irritable bowel syndrome (IBS) affects 10-20% of the U.S.
population, and 70-90% of those individuals report having mood and

Abbreviations: 5-HIAA, 5- Hydroxyindoleacetic acid; 5-HT, Serotonin; ACTH, adrenocorticotropic hormone; BAI, Beck’s Anxiety Inventory; BDI, Beck’s Depression
Inventory; BDNF, Brain-derived neurotrophic factor; FOS, fructooligosaccharides; GABA, gamma-aminobutyric acid; GAD-7, General Anxiety Disorder-7 (ques-
tionnaire); GOS, galactooligiosacchardies; HADS, Hospital Anxiety and Depression Scale; HSCL, Hopkins Symptoms Checklist-90; HPA, Hypothalamus-Pituitary-
Adrenal; LEIDS-r, Leiden Index of Depression Sensitivity-revised; MADRS, Montogemery-Asberg Depression Rating Scale; MDD, Major Depressive Disorder; POMS,
Profile of Mood States; PSS, Perceived Stress Scale; PSQI, Pittsburgh Sleep Quality Index; STAI, State-Trait Anxiety Inventory; SSRI, Selective Serotonin Reuptake
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anxiety disorders [12]. It has been reported that 84.1% of individuals
with GI disease have anxiety, and 27% have depression [13]. Addi-
tionally, many gastrointestinal symptoms have been established as
comorbidities in several neurological conditions, including, but not
limited to, Parkinson’s disease, autism spectrum disorder, and schizo-
phrenia [14,15]. The “leaky gut” hypothesis has been expanded to
encompass “leaky brain,” meaning that increased intestinal perme-
ability seems to impact brain function and moods [10].

The relationship between the gastrointestinal tract and the brain is
bidirectional, with the gut microbes communicating to the brain via the
central nervous system [16]. There are several proposed mechanisms
through which the gut microbiota communicates with the central ner-
vous system, contributing to the development or inhibition of chronic
diseases and human behavior. This includes immunological (gut-im-
mune system), biochemical, and neuro-endocrine (HPA axis) mecha-
nisms, as well as gut microbiota metabolism system, intestinal mucosal
barrier, and the blood-brain barrier, with the vagus nerve being iden-
tified as a key route of communication [15,17-22].

Despite early discoveries of mood improvement with Lactobacillus,
[23] research has been lacking until recently to understand the intimate
relationship between the gut microbes and their impact on brain func-
tion, mental health, and overall mood. As of February 2017, it was re-
ported that only 142 articles on microbes and mental health were listed
on PubMed, with only 23 relating to mental illness and 35 relating to
psychobiotics [24]. This topic continues to be an emerging area of in-
terest, with nearly 140 articles on psychobiotics and mental health as it
relates to depression and anxiety alone. This literature review aims to
summarize evidence on the relationship between psychobiotics and
mental health outcomes, namely depression and anxiety. The potential
therapeutic role of psychobiotics in these conditions, through their
contribution to the production of the neurotransmitters serotonin and
GABA and the reduction of cortisol via the
hypothalamus-pituitary-adrenal (HPA) axis, will be discussed.

Methods

A review was conducted by searching PubMed. Search terms
included “Psychobiotics and mental health”, “Psychobiotics and anxi-
ety”, “Psychobiotics and depression”, “Psychobiotics and serotonin”,
and “Psychobiotics and GABA™. Studies were considered eligible if they
met the following inclusion criteria: 1) published in the last ten years
(2013-2022), 2) included animal or human subjects, 3) used validated
questionnaires to measure depression, anxiety and/or stress, 4)
measured one or more neurotransmitters including GABA and serotonin
5) measured cortisol. This resulted in 243 articles. Articles were
excluded if they were 1) A duplicate article, 2) Mini-review, systematic
review, or meta-analysis, 3) Non-specific, including biological mecha-
nism of action of psychobiotics, an overview of microbiota, an overview
of the gut-brain axis, 4) For a health condition other than depression or
anxiety 5) Were a commentary or opinion. The literature search resulted
in 48 articles reviewed and included in this review.

Introduction

Depression and anxiety are complex and multi-factorial. Diet, stress,
medication, genetics, and the microbiome play a role in the presentation
or absence of symptoms [25,26]. It is reported that certain bacteria have
an influence on the production of neurotransmitters, including Lacto-
bacillus and Bifidobacterium on the production of GABA [11,15,17,23,27,
28]; Lactobacillus and Bacillus on the production of acetylcholine
[27-29]1; Bacillus, Escherichia, and Saccharomyces on the production of
norepinephrine [11,17,23,27,28]; Escherichia, Lactobacillus, Bacillus,
Lactococcus, and Serratia on the production of dopamine [11,17,23,
27-29]; and Streptococcus, Achromobacter xylosoxidans, Lactococcus,
Lactobacillus, Escherichia, Enterococcus and Candida on the production of
serotonin [17,23,27-30]; and Bifidobacterium on the production of
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tryptophan,[29] the precursor for serotonin. Further, in individuals with
depression, multiple alterations in the gut microbiota have been re-
ported [22].

GABA is a primary inhibitory neurotransmitter that helps regulate
sleep, memory, locomotor activity, muscle relaxation, and acts as an
anti-inflammatory [8,15,31-34]. Dysfunction in GABA has been asso-
ciated with anxiety, depression, autism, panic attacks, epilepsy, Par-
kinson’s disease, Amyotrophic lateral sclerosis (ALS), Huntington’s
disease, headaches, cognitive impairment, and Alzheimer’s disease, as
well as affecting several aspects of health such as reducing blood pres-
sure, suppressing appetite and easing PMS [8,15]. Like other neuro-
transmitters, the gut microbiota can produce GABA [8,15].

Serotonin (5-HT) is one of the metabolites of the essential amino acid
tryptophan [35]. It is an inhibitory neurotransmitter that helps regulate
sleep, appetite, memory and learning, temperature, mood or emotional
state, behaviors, gut motility, intestinal fluid secretion, and muscle
contraction while also acting as an anti-inflammatory resulting in its
importance in the immune system [8,15,18,33,36]. Serotonin is syn-
thesized (90-95%) in the GI tract [14,18,22]. As a major signaling
molecule, mucosal serotonin levels play a role in leaky gut, IBS, and
other physiological functions [37]. Serotonin deficiency can occur when
tryptophan is metabolized via the kynurenine pathway rather than the
serotonin pathway [38]. Probiotics support tryptophan’s metabolism to
the serotonin pathway [35,38].

Stress negatively affects serotonin levels, suggesting a connection
between the HPA axis and the gut-brain axis [17,39,40]. Under acute
and chronic stress, cortisol levels increase, leading to impaired sleep,
increased heart rate, increased hunger, and mood changes. Animal
models have shown that chronic stress (as measured by cortisol levels)
can directly impact the microbiome, decreasing the presence of bene-
ficial bacteria while increasing the harmful bacteria [14,17,39].
Research shows that social and maternal prenatal stress is associated
with changes in the microbiome in as little as two hours [14]. When
under acute or chronic stress, cortisol levels were decreased when given
certain Lactobacillus or Bifidobacterium strains [3,41,42].

Probiotics, psychobiotics, depression, and anxiety

Probiotics are “live micro-organisms which, when administered in
adequate amounts, confer a health benefit on the host.”[43] The most
commonly known probiotics are Lactobacillus and Bifidobacterium.[44]

In 2013, psychobiotics were defined as “a live microorganism that,
when ingested in adequate amounts, produces a health benefit in pa-
tients suffering from psychiatric illness” [45]. This definition has been
further refined to include non-living (heat-activated) microbes, which
have been shown to have a positive impact on markers of stress and
immune function [26], as well as prebiotics, including gal-
actooligosaccharides (GOS) and fructooligosaccharides (FOS), that
enhance the growth and population of probiotics in the gut, creating a
symbiotic effect [20,44,46].

Multiple studies have been carried out in cellular models, animals,
and, more recently, humans to explore the potential benefits of psy-
chobiotics relating to depression and anxiety. The potential mechanisms
for their therapeutic effects, such as increased production of GABA, se-
rotonin, or other neurotransmitters, regulation of the HPA axis
(including a decrease in cortisol production), and decreased inflamma-
tory markers, have also been the target of research interest [19,44].
Tables 1-4 summarize the studies included in this review.

Summary of the research on rodent models

This summary highlights some of the research on select psycho-
biotics used in animal models, including but not limited to Bifidobacte-
rium infantis, Lactobacillus rhamnosus, Lactobacillus paracasei, and
Lactobacillus plantarum. Overall, the evidence suggests a significant
reduction in depressive and anxiety-like behaviors, multiple possible
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Table 1
Animal studies and human trials of Lactobacillus strains impact on serotonin, GABA, or other markers and the clinical outcomes.
Microbe Model Impact on serotonin, GABA, or other Symptom/Clinical Outcome Notes Reference
markers
L. casei Shirota Human (N = 132) Not measured Reduced depressive moods, as reported in 3 weeks [79]
POMS questionnaires 6 x 10° CFU
Probiotic milk drink was
consumed
L. casei Shirota Human (N = 39) Not measured Decreased anxiety in those with CFS, as 2 months [80]
reported with the BDI and BAL 24 billion CFU
L. casei Shirota Human (N = 47) Reduced cortisol and proposed Reduced feeling of stress and stress-induced 8 weeks [81]

YIT 9029

L. fermentum NS9

L. gasseri CP2305

L. helveticus NS8

L. helveticus NS8

L. paracasei PS23

L. paracasei PS23

L. paracasei PS23

L. plantarum
299v

L. plantarum
299v
(Sanprobi
IBS®)*

L. plantarum

PS128

L. plantarum
PS128

L. plantarum
PS128

L. reuteri 3

L. rhamnosus
JB-1

L. rhamnosus
JB-1

Sprague-Dawley rats

Human (N = 29)

Sprague-Dawley rats
with hyperammonemia

Male specific pathogen-
free (SPF) Sprague-
Dawley rats

Mouse-corticosterone

induced depression

Senescence accelerated
mouse prone 8 (SAMPS8)
mice

Maternally separated
mouse

Human (N = 42)

Human (N = 60)

Germ-Free Mouse

Naive adult mice and
early life stress (ELS)
mice

Human (N = 32)

Male C57BL/6 mice

BALB/c Mouse

BALB/c mouse

influence on tryptophan metabolism

Restored corticosterone levels that
were increased by ampicillin
administration

Decrease in cortisol levels (saliva)

Serotonin was reduced in the
cerebellum and hippocampus, but
metabolite (5-HIAA) was not affected;
lower inflammatory markers (IL-1beta,
PGE2)

Increased serotonin; decreased cortisol
and ACTH; modulated some
inflammatory markers; increased
BDNF

Reversed corticosteroid-induced
decrease of serotonin and dopamine
levels

Increased serotonin and dopamine;
increased BDNF; modulation of some
inflammatory markers

Increased serotonin and dopamine

Reduced salivary cortisol

Decrease in kynurenine

Increased dopamine and serotonin in
striatum

Increased serotonin in naive adult;
reduced corticosterone in ELS mice;
increased dopamine in both mice

Reduced cortisol levels

Increased expression of genes involved
in 5-HT metabolism in colon and
prefrontal cortex.

Increased blood and colon serotonin
levels

Reduced GABA, mRNA expression in
the prefrontal cortex and amygdala and
decreased GABAg;}, in the amygdala
and subareas of the hippocampus.

Increased glutamate in 2 weeks,
remained elevated for 6 weeks,

GABA peaked after 4 weeks of
treatment and remained elevated for 4
weeks ceasing administration on JB-1

GI symptoms

Reduced anxiety-like behaviors induced by
ampicillin

Significant reduction in anxiety and
depression scores as observed in validated
questionnaires

Decreased anxiety-like behaviors; slowed
cognitive decline

Anxiolytic and antidepressant effects

Anxiety decreased with live and heat-killed;
depression reduced more effectively with
heat-killed bacteria

Live bacteria decreased anxiety and slowed
age-related cognitive decline

Reduced stress, anxiety, and depressive traits

Decrease in stress-related anxiety relating to
academic exams

No significant changes in depressive or
anxiety symptoms as reported in multiple
validated questionnaires; Significant
improvement in cognitive function as
reported on two validated questionnaires.
Reduced anxiety-like behaviors

Reduced anxiety in naive adult mice and
reduced depression in ELS mice

Reduction in anxiety, depression, and stress,
as recorded by multiple validated
questionnaires

Reduction on depressive like symptoms

Reduced stress-induced anxiety and
depressive behaviors

Not assessed

1 x 10! CFU of L. casei
Shirota given as

fermented milk product

41 days [67]
1 x 10° CFU/mL

Increased lactobacillus

in stool by 20%

24 weeks [95]
1 x 10" CFU (2 tablets

daily)

2 weeks [58]

10° CFU/mL !

21 days [57]
10° CFU/mL

Compared to SSRI with

similar outcomes

6 weeks [39]
10® CFU

Compared to fluoxetine,
performing better

12 weeks [52]
5 x 10° CFU/mL

SAMPS8 mice were used

due to their rapid aging

after 4 months of age.

4 weeks [53]
5 x 10° CFU/mL

Live and heat-killed

bacteria

14 days [41]
1 x 10'° CFU

8 weeks [92]
10 x 10° CFU

16 days [55]
1 x 10° CFU

No adverse or toxic

effects noted

28 days [56]
5 x 10° CFU/mL

Results from live-

bacteria, not heat-killed

bacteria

8 weeks [94]
300 mg/10 billion CFU

28 days [62]
10" CFU/mL
28 days [49]

5 x 10° CFU/mL

Same results were not

found in vagotomized

mice

4 weeks [50]
1 x 10° CFU

(continued on next page)
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Table 1 (continued)
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Microbe Model Impact on serotonin, GABA, or other Symptom/Clinical Outcome Notes Reference
markers
L. rhamnosus Human (N = 29) No significant impact on markers No impact on stress-induced anxiety. 8 weeks [84]
JB-1 measured. 10° CFU

Demonstrates that
animal models may not
translate to human
application

Key: CFU = colony forming units; *=Risk of bias due to the use of a commercially available probiotic supplement.

mechanisms of action, including the impact on GABA, serotonin, and
tryptophan production, a decrease in inflammatory cytokines, and an
improved stress response.

Bifidobacterium infantis 35624 has been shown to decrease early life
stress and anxiety in rats separated from their mothers [47]. In this
study, researchers compared B. infantis 35624 (dose 1 x 10'° CFU of live
bacteria per mL of drinking water) to citalopram (a commonly pre-
scribed medication for anxiety and depression). IL-6, an inflammatory
cytokine known to contribute to depression, was increased upon
maternal separation. After administration of B. infantis 35624, it was
reported that IL-6 was reduced, and a significant increase (P < 0.05) in
5-hydroxyindoleactic acid- 5-HIAA (a serotonergic precursor) in the
amygdaloid occurred [47]. Further, another animal study conducted for
14 days, using a dose of 1 x 10° CFU of the same live bacteria per 100

mL of drinking water, reported a significant increase in tryptophan (P <
0.005) and kynurenic acid (P < 0.05) as well as a reduction in 5-HIAA
and inflammatory cytokines, including IFN-y, TNF-a and IL-6 (P < 0.05)
[48]. No direct depression or anxiety symptoms were measured in this
study (Table 2).

With the use of L. rhamnosus JB-1, mice showed fewer depressive
symptoms and anxious behaviors [49,50]. The administration of
L. rhamnosus JB-1 (1 x 10° CFU per day) in healthy mice over four weeks
results in changes of GABA-A and B receptors in the brain, accompanied
by reducing anxiety and depressive-like behaviors [50]. While
L. rhamnosus JB-1 was shown to increase GABA production, GABA
concentrations appear to have only remained elevated for four weeks
following treatment, whereas the increase of glutamate lasted six weeks
following administration [50]. Further, the specific strain, L. rhamnosus

Table 2
Animal studies and human trials of Bifidobacterium strains impact on serotonin, GABA, or other markers and the clinical outcomes.
Microbe Model Impact on serotonin, GABA, or other Symptom/Clinical Outcome Notes Reference
markers
B. breve CCFM1025 C57Bl/6J Increased serum 5-HTP and hippocampal Significant reduction in depression and 5 weeks [61]
Mice 5-HT levels anxiety-like behaviors 1 x 10° CFU/mL
B. breve CCFM1025 Human (N Significant reduction in 5-HT turnover Significantly reduced depression 28 days [77]
= 45) and 5-HIAA; upregulation of tryptophan 10'° CFU
and 5-HTP in gut microbiota
B. infantis 35624 Sprague- Affected serotonin, but not to statistical Reduced depression caused by maternal 45 days [47]

Dawley rats  significance; no change in corticosterone
or tryptophan

Increased circulating tryptophan and
kynurenic acid (plasma), lowered 5 HIAA
in the frontal cortex; decrease in pro-

inflammatory markers

B. infantis 35624 Sprague-

Dawley rats

B. longum NCC3001 AKR mice Not measured
B. longum NCC3001 Human (N No changes in serotonin, inflammatory
= 44) markers, or BDNF were identified
B. longum 1714 Human (N Decrease in cortisol
=22)
B. longum 1714, BALB/c Proposed impact on serotonin, GABA,
B. breve 1205 Mice acetylcholine, and/or glutamate
B. longum 1714, BALB/c Proposed impact on serotonin and/or
B. breve 1205 Mice GABA
B. pseudocatenulatum Wwild type Restored serotonin levels in hippocampus;
CECT 7765 C57BL-6 reduced dopamine; reduced adrenaline
Mice

separation

It did not elicit antidepressant effects (the
aim of the study)

Reduced inflammation-induced anxiety
behavior

64% of participants had reduced depression,
no impact on anxiety; reduction in
depression was observed 4 weeks post-
treatment.

Reduced stress-induced anxiety and
improved memory, as reported in the Cohen
Perceived Stress Scale

B longum 1714: Improved learning and
memory and decreased anxiety

B. breve 1205:

Lowered stress response, decreased anxiety-
like behaviors; less impact than B. longum
1714

Both strains reduced stress, anxiety, and
compulsive behaviors; no impact on
depression; B. breve 1205 also induced
weight loss/improved metabolism
Reduced depression related to obesity

1 x 10'° CFU/100mL

Compared to citalopram

14 days [48]
1 x 10'° CFU/100mL

31 days [64]
10" mL!

Reduction in anxiety

behaviors requires vagal

integrity.

6 weeks [90]
1.0E + 10 CFU/1 gram

powder

Participants presented with
mild-moderate depression

and anxiety and IBS

4 weeks [42]
1 x 10° CFU

Subtle improvements in

memory were also noted

11 weeks [65]
1 x 10° CFUmL™!

BALB/c chosen for innate

anxiety

6 weeks [66]
1 x 10° CFU/mL

Compared to citalopram

and placebo groups

13 weeks [63]
1 x 10° CFU

High-fat diet-induced

obesity

Key: CFU = colony forming units.
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JB-1 (5 x 10° CFU/mL), significantly reduced GABA, mRNA expression
in the prefrontal cortex (P < 0.001) and the amygdala (P < 0.05),
reducing fear and anxiety responses, and reduced GABAg;}, in the
amygdala (P < 0.01) and subareas of the hippocampus (P < 0.001),
assisting in the modulation of behavior [49]. However, the changes in
anxiety and depression were not found in vagotomized mice, stressing
the importance of the gut-brain-vagal nerve connection [49]. Despite
this positive finding, another mouse study found that the treatment of
L. rhamnosus JB-1 could have a detrimental effect (enhanced fear) when
given as an early intervention (within 48 h of the event) for
Post-Traumatic Stress Disorder (PTSD), suggesting that the relationship
between the time of the stress and exposure to the bacterium may in-
fluence the effectiveness of its possible therapeutic use. It is noteworthy
that the same study found similar detrimental results when the mouse
model was treated with sertraline (a commonly prescribed SSRI) in the
early onset of PTSD [51].

L. paracasei PS23 (LPPS23) normalized or increased serotonin and
dopamine levels in the hippocampus contributing to a decrease in anx-
iety, depression, and age-related cognitive decline [39,52,53]. An ani-
mal study by Wei et al. showed both live and heat-killed L. paracasei
PS23 had antidepressant activity on mice treated with corticosterone,
which induced anxiety and depression. This study supports the use of
specific probiotics for mood regulation, and their impact on the micro-
biome may be similar with live or heat-killed strains [39]. The authors
reported that depression was improved equivalently with heat-killed
LPPS23 compared to fluoxetine (a prescription drug used for man-
aging depression), suggesting the potential clinical use. Additionally,
LPPS23 has shown a positive impact on reducing anxiety-like behaviors
and improving age-related cognitive decline in animal models [52].
Huang et al. reported that the live LPPS23 bacteria decreased
anxiety-like behaviors and slowed age-related cognitive and memory
decline. It is thought that the improvements in serotonin, dopamine, and
brain-derived neurotrophic factor (BDNF) levels that occurred after the
administration of the probiotics may be the reason for this improvement
[52]. Further, live and heat-killed L. paracasei PS23 improved anxiety
and depression caused by maternal separation in mouse models. The
authors suggest the modulation of the stress response along the dopa-
minergic pathways of the brain is the potential reason for these out-
comes [53].

Lactobacillus plantarum 286 (Lp286), derived from cocoa fermenta-
tion, had an antidepressant and anti-anxiolytic effect on Swiss male mice
when administered for 30 days. Though specific neurotransmitters were
not measured, the authors speculated that this may have resulted from
changes in GABA production [54] (Table 3).

Live (not heat-killed) L. plantarum PS128 reduced anxiety-like be-
haviors, increased serotonin and dopamine levels in the striatum [55],
increased dopamine in the prefrontal cortex in early life stress mice [55,
56], increased serotonin in adult mice,[56] and normalized the release
of corticosterone [56].

L. helveticus NS8 administration resulted in multiple effects,
including reduced anxiety, slowing cognitive decline, improving
cognitive function, and lowering inflammatory markers. The use also
resulted in lower serum corticosterone, adrenocorticotropic hormone
(ACTH), and the restoration of hippocampal serotonin and norepi-
nephrine [57,58]. For depression induced by chronic stress, L. plantarum
NS8 was compared against citalopram, a Selective Serotonin Reuptake
Inhibitor (SSRI), resulting in decreased depression and anxiety,
decreased stress hormones, increased serotonin and decreased cortisol,
and decreased inflammatory markers [57].

In addition, researchers have reported several other strains for their
benefits to depressive or anxiety-like behaviors in animal models. The
research found reduced depressive behaviors following a myocardial
infarction after administering L. helveticus R0O052 and B. longum R0175
[59]. This combination also decreased dopamine and norepinephrine
after ten weeks of administration in a mouse model [60]. B. breve
CCFM1025 increased serum 5-HTP and hippocampal 5-HT levels after
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five weeks, resulting in a significant reduction in depressive and
anxiety-like behaviors in chronically stressed mice [61]. L. reuteri 3 was
administered for 4 weeks to mice that had been exposed to chronic social
defeat stress. L. reuteri 3 increased the expression of genes that metab-
olize 5-HT in the colon and prefrontal cortex, as well as increased blood
and colon serotonin levels, accompanied by a reduction in depressive
like behaviors [62]. Adult male mice showed reduced anxiety associated
with learning a new task when given Mycobacterium vaccae.[44]
B. pseudocatenulatum CECT7765, through the increased production of
serotonin in the intestine and hippocampus, reduced depressive be-
haviors related to obesity while also reducing hyperleptinemia and
decreasing fat mass [63]. B. longum NCC3001 was shown to help
normalize anxiety-like behavior in those with colitis. However, in
comparison, mice with a vagotomy did not experience the same impact,
suggesting that the vagus nerve may modulate behavior associated with
anxiety [64]. B. longum 1714 and B. breve 1205 were both shown to
decrease anxiety and lower the stress response, with a proposed impact
on serotonin and/or GABA [65,66]. (Table 2) One study reported the use
of L. fermentum NS9 to reduce anxiety-like behaviors, restore serum
corticosterone levels and reduce colonic inflammation that resulted
from the administration of ampicillin (an antibiotic) [67]. Though
neurotransmitters were not measured, a six-strain probiotic formula
derived from Thai fermented foods (pickled cabbage, kefir, and Pak-Sian
Dong) reduced anxiety and compulsiveness and improved memory and
locomotor function in a male rat model, suggesting the importance of
the synergy of multi-strain probiotics versus a single strain bacteria [29]
(Table 3).

A summary of the research on human studies

Evrensel et al. point out that the successful use of Lactobacillus for
depression was first published in early 1910 [23]. Since then, several
human studies have replicated the animal models, showing a decrease in
anxiety, depression, and stress after administration of specific Lactoba-
cillus and Bifidobacterium strains, as will be discussed.

When considering the microbiome of humans, it is important to
recognize that beneficial and potentially harmful bacteria are present. It
has been found that microbiota diversity is altered in those with
depression and anxiety. This includes an increased abundance of Bac-
teroidetes, Alistipes, and Proteobacteria and a decreased amount of Fir-
micutes,  Lactobacillus,  Bifidobacterium,  Lachnospiraceae, and
Faecalibacterium [23,46,68-70]. Alistipes strains have been found in
abundance in fecal microbiota in those with depression and anxiety.
Alistipes” presence alters tryptophan availability, though this strain can
be reduced with diet therapy [69]. On the contrary, a decreased amount
of Faecalibacterium, which is important for butyrate production, may
contribute to bipolar depression [70]. The gut-brain connection is made
apparent when exploring some drugs used for depression, which have
been shown to have an antibiotic effect, increasing Firmicutes while
decreasing Proteobacteria and Actinobacteria [23]. Further, antibiotics
can induce colonic inflammation and alter microbial diversity, such as
decreasing Lactobacillus and Bacteroides while increasing Firmicutes [29,
67]. This is important as the use the antibiotics before the age of one has
been associated with depression in adulthood [23].

Research of psychobiotics used in humans includes, but is not limited
to: L. helveticus, B. longum, and L. casei Shirota. Overall, the evidence
suggests that single or combination strains of psychobiotics can reduce
depression and anxiety in humans, measured by validated question-
naires, in as little as 30-days when consumed as a supplement or food
source. There are several possible mechanisms of action, including the
impact on neurotransmitter production, specifically GABA and seroto-
nin, favorably influencing the HPA axis function and reducing inflam-
matory cytokines, though more research is needed to confirm these
suggestions.

The combination of Lactobacillus helveticus R0052 and Bifidobacte-
rium longum RO175 has decreased anxiety and depression in several
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Table 3

Animal studies and human trials of the combination of Lactobacillus and Bifidobacterium strains impact on serotonin, GABA, or other markers and the clinical
outcomes.

Microbe Model Impact on serotonin, GABA, or other ~ Symptom/Clinical Outcome Notes Reference

markers

Bifidobacterium bifidum W23, Human (N Proposed impact on tryptophan and ~ Reduced rumination, negative 28 days [86]
Bifidobacterium lactis W52, Lactobacillus = 20) serotonin or leaky gut thoughts, and aggressive thoughts ~ One 2-gram sachet (2.5
acidophilus W37, Lactobacillus brevis W63, associated with sad mood, as x 10° CFU)

Lactobacillus casei W56, Lactobacillus measured by the LEIDS-r Healthy individuals not
salivarius W24, and Lactococcus lactis questionnaire. diagnosed with a mood
(W19 and W58)- Commercially known as disorder.
Ecologic®Barrier*

Bifidobacterium bifidum W23, Human (N No biomarkers were measured Lower cognitive reactivity towards 8 weeks [87]
Bifidobacterium lactis W52, Lactobacillus. =34) sad mood, but no statistical Two 2-gram sachets
acidophilus W37, Lactobacillus. brevis difference in depression or anxiety (2.5 x 10°CFU)

W63, Lactobacillus casei W56, in those who experience mild to Low attrition rate (34%)
Lactobacillus salivarius W24, and moderate depression

Lactococcus lactis (W19 and W58)-

Commercially known as

Ecologic®Barrier*

Bifidobacterium bifidum W23, Human (N No biomarkers measured Significant reduction in 2 months [88]
Bifidobacterium lactis W52, Lactobacillus. = 83) depression and anxiety; Improved ~ One 2-gram sachet (2.5
acidophilus W37, Lactobacillus. brevis quality of life, as measured by x 10°CFU)

W63, Lactobacillus casei W56, validated questionnaires Some (<5%)
Lactobacillus salivarius W24, and experienced mild
Lactococcus lactis (W19 and W58)- symptoms of fullness,
Commercially known as diarrhea, or sleep
Ecologic®Barrier* complaints

B. longum R0175 and L. helveticus RO052- Human (N Decrease in urinary cortisol output;  Alleviated psychological distress 30 days [71]
Commercially known as Probio’Stick®* = 25) proposed impact on the vagal nerve, Dose unspecified

lowering inflammation and
increasing overall bifidobacteria in
gut

B. longum R0175 and L. helveticus R0052 Sprague- B. longum on GABA and L. helveticus  Decreased depression, increased 14 days [59]
Commercially known as Probio’Stick®* Dawley rats on serotonin social interaction post-myocardial ~ Dose unspecified

infarction

B. longum R0175 and L. helveticus RO052 Flinders Decreased dopamine and Decreased depression 10 weeks 1 x 10'° CFU [60]
Commercially known as Probio’Stick®* Sensitive norepinephrine Rats were chosen due to

Line rats their predisposition to
depression

B. longum R0175 and L. helveticus RO052- Human (N Not measured Decrease in depression as 8 weeks [74]
Commercially known as CEREBIOME®* =10) measured by MEDRS; decreased 3 x 10° CFU

anxiety in 4 weeks as measured by ~ Human participants

GAD-7; improved sleep in 8 weeks were diagnosed with

as measured by PSQI MDD

B. longum R1075 and L. helveticus RO052 Human (N A significant decrease in the Reduction in depressive symptoms 8 weeks [38]
=81) kynurenine/tryptophan ratio as measured by BDI 10 x 10° CFU (in 5-gram

sachet)
Participants were
diagnosed with MDD

B. longum R0175 and L. helveticus R0O052 Wister rats No measure of neurotransmitters Reduced anxiety-like behaviors in 30 days [72]
Commercially known as Probio’Stick®* and Human rats; Decrease in anxiety and 3 x 10° CFU for human

(N = 66) depression in humans as measured 1 x 10° CFU for rats
by multiple questionnaires

B. longum R1075 and L. helveticus RO052 Human (N No impact on inflammatory or other ~ No effect on mood as reported by 8 weeks [76]

=79) biomarkers (No neurotransmitters multiple validated questionnaires 3 x 10° CFU
were analyzed)

L. helveticus R0052, B. longum R0175, and Human (N Not measured Significant improvement in mood 30 days [3]
L. rhamnosus RO011(with prebiotic and =32) as measured by POMS 3 x 10° CFU
phytonutrients

L. plantarum 286, L. plantarum 81 Swiss male Neurotransmitters were not L. plantarum 286 decreased 30 days [54]

mouse analyzed; it hypothesized that anxiety and depression; L. 1 x 10° CFU of each
LP286 could block kynurenine plantarum 81 did not have an PS286 and PS81
metabolism impact on moods

L. reuteri NK 33 and B. adolescentis NK98 Human (N Reduction in IL-6 Significant reduction in 8 weeks [89]
Known as NVP-1704* =156) depression and anxiety, as 500 mg capsule (2.5 x

measured by validated 10° CFU L. reuteri and
questionnaires 0.5 x 10° CFU
B. adolescentis

P. pentosaceus WS11, L. plantarum SK 321, Wistar rats Not measured Significant reduction in anxiety 14 days 6 x 10° CFU/ [29]
L. fermentum brevis TRBC 3003, day
B. adolescentis TBRC 7154, L. lactis TBRC Strains from Thai
375 fermented foods

S. thermophilus (CNCM strain number I- Human (N Not measured Decreased anxiety in 3 weeks, 3 weeks 3 [97]
1630), L. bulgaricus (CNCM strain = 30) using Hamilton Anxiety rating gs (1.5 x 10'° CFU of

numbers I-1632 and 1-1519), L. lactis
subsp. lactis

score- decreased 5 points with

each strain)

(continued on next page)
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Table 3 (continued)
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Microbe Model
markers

Impact on serotonin, GABA, or other

Symptom/Clinical Outcome Notes Reference

(CNCM strain number 1-1631);

L. acidophilus; S. thermophiles; L.
plantarum; B. lactis (CNCM [-2494);
L. reuteri (DSM 17,938)

probiotics and 9.5 points when
combined with a balanced diet.

Key: CFU = colony forming units; * = Risk of bias due to the use of a commercially available probiotic supplement.

randomized control trial studies [3,38,71,72]. B. longum impacts GABA
production and has been shown to decrease anxiety, partly due to the
impact the bacteria has on the myenteric neurons [3,23,72], whereas
L. helveticus impacts serotonin, decreasing depressive behaviors and
anxiety [3,71,72].

Messaoudi et al. conducted a study to examine the anxiolytic effects
on rats of two strains, Lactobacillus helveticus R0052 and Bifidobacterium
longum R0175, commercially known as Probio’Stick®, as well as its ef-
fects on moderately stressed human volunteers (N = 55). In the human
arm of the double-blind, placebo-controlled study conducted for 30
days, they utilized validated measurement tools, including the Hopkins
Symptoms Checklist-90 (HSCL), Hospital Anxiety and Depression Scale
(HADS), Perceived Stress Scale (PSS), and the Coping Checklist. The
study found that Lactobacillus helveticus R0052 and Bifidobacterium lon-
gum R0O175 had several benefits in psychological behaviors in humans,
including decreased anger/hostility (P < 0.01), depression (P < 0.05),
anxiety (P < 0.05), obsessive compulsive behaviors (P < 0.05) and
paranoid ideation (P < 0.05), as well as anxiolytic effects in rats. The
authors proposed that decreasing inflammatory cytokines and harmful
gut bacteria may have improved neurotransmitter production or func-
tion [72]. Analyzing data from the same group of volunteers, the authors
reported that participants who would be considered low-stressed in-
dividuals, measured by urinary cortisol levels, found Lactobacillus hel-
veticus R0O052 and Bifidobacterium longum R0175 were effective for
lowering anxiety and depression [71].

In 2019, Kazemi et al. conducted a randomized controlled trial (RCT)
comparing the effectiveness of Lactobacillus helveticus R0052 and Bifi-
dobacterium longum R0175 to a prebiotic supplement in individuals who
had been diagnosed with major depressive disorder and were taking
antidepressant medication for at least three months prior to the study.
Using the Beck’s Depression Inventory (BDI) as the primary outcome
measurement, in 8 weeks, a significant decrease (P = 0.042) in BDI
scores occurred for those taking the probiotic formula compared to the
placebo group. There were no significant findings for the prebiotic
group. A secondary outcome measure included a decrease in the
kynurenine to tryptophan ratio for the group taking the probiotic for-
mula. This was noted as the possible mechanism for a decrease in
depressive symptoms [38] (Table 3).

A post hoc analysis of the RCT conducted by Kazemi et al [38].
included 78 of the 110 individuals from the original RCT. Based on
recent animal model studies, the author aimed to analyze the levels of
BDNF as it correlates to depressive symptoms after the administration of
B. longum R0175 and L. helveticus R0O052. Depressive symptoms were
measured using BDI validated questionnaire. BDNF levels were signifi-
cantly increased in the probiotic group as compared to the prebiotic
group (P < 0.001) and the placebo group (P = 0.021). BDI scores were
significantly reduced in the probiotic group compared to the placebo (P
= 0.012) [73]. While neurotransmitter production was not the focus of
this study, BDNF does serve as a neurotransmitter modulator and may be
a mechanism of action to explore further.

The combination of L. helveticus R0052 (90%) and B. longum R0175
(10%), commercially known as CEREBIOME®, was used in an eight-
week, open-label pilot study in males and females diagnosed with
Major Depressive Disorder (MDD). There was a significant improvement
in overall mood and anxiety in 4 weeks, as measured by validated
questionnaires including the General Anxiety Disorder-7 questionnaire

(GAD-7) (P = 0.031) and the State-Trait Anxiety Inventory (STAI) (P =
0.008) and in sleep in 8 weeks, as measured by the Pittsburgh Sleep
Quality Index (PSQI) (P = 0.005). It is possible that the improvements,
in part, are due to the bacteria’s impact on tryptophan and serotonin.
The study did not find a complete resolution to depressive symptoms,
though they did significantly improve from a moderate to mild rating, as
measured by the Montgomery-Asberg Depression Rating Scale (MADRS)
(P < 0.001) [74] (Table 3).

A randomized, placebo-controlled, double-blind trial explored the
use of a combination supplement consisting of probiotics (L. helveticus
R0052, B. longum RO175, L. rhamnosus R0011), prebiotics (fibers
including galactooligosaccharides, galactomannan, partially hydrolyzed
guar gum, and phytobiotics (containing L. Theanine, ginger root extract,
and various polyphenols). It was given to 32 adults for 30 days and the
Profile of Mood States (POMS) validated questionnaire was used as the
assessment tool. The study reported the following results: a 55%
reduction in depression, 45% reduction in tension, 64% reduction in
fatigue, 43% reduction in confusion, and 54% reduction in anger, with a
44% improvement in vigor and 25% improvement in overall mood vs.
placebo in 30 days (P < 0.05) [3]. A limitation in this study is that the
combination product makes it challenging to know if the synergy of the
combination product contributed to the favorable results or if one or
more ingredients had a bigger impact. For example, one ingredient in
this combination supplement was L-theanine which is a supplement and
food source that has been shown to reduce depression and therefore is
used by some clinicians to manage symptoms [75].

Contrary to the above studies, Romijn et al. found no significant
difference in the probiotic groups compared to the placebo group on low
mood after eight weeks when administering the same probiotic strains
(B. longum R0175 and L. helveticus R0052), [76] demonstrating the need
for further studies to be completed (Table 3).

Following the success in an animal model using B. breve CCFM2015
for depressive symptoms [61], (Table 2) Tian et al. conducted a
double-blind, randomized controlled trial of 45 individuals diagnosed
with major depressive disorder (MDD). In 28 days, there was a signifi-
cant reduction in depression as measured by the validated Hamilton
Depression Rating Scale-24 (HDRS-24) questionnaire (P < 0.001),
reduced turnover of 5-HT (P < 0.01), and reduced 5-HIAA (P < 0.05).
Based on the significance of 5-HT turnover, the researchers examined
tryptophan metabolism in the gut microbiome. Eight of the 14 metab-
olites of tryptophan were up-regulated, including tryptophan (P <
0.030) and 5-HTP (P < 0.004), which, unlike serotonin, can cross the
blood-brain barrier [77].

While the measurement of neurotransmitters was not the primary
outcome of the subsequent studies on L. casei Shirota, the findings may
help guide future studies. L. casei Shirota has been shown to increase
mood in individuals with anxiety or depression [23,26,44,78-80].
(Table 1) L. casei Shirota was also beneficial for lowering cortisol levels
in individuals experiencing academic stress [81], reducing physical
symptoms related to academic stress and improving serotonin biosyn-
thesis [82], while also increasing overall gut microbe diversity [81]. In a
randomized, double-blind, placebo-controlled trial, L. casei Shirota also
significantly reduced depression in 9 weeks, as measured by the Ham-
ilton Depression Rating Scale and Beck Depression Inventory (BDI) (P <
0.05). It is thought that the reduction in inflammatory cytokines, spe-
cifically IL-6 (P < 0.05), may be the reason for this improvement [78].
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Another randomized, double-blind, placebo-controlled trial utilized a
combination of L. acidophilus, L. casei, and B. bifidum (specific strains
were not identified) and reported a significant decrease in BDI in in-
dividuals diagnosed with major depressive disorder in 8 weeks (P =
0.001) [83].

The success of the mouse model with decreased depressive symptoms
and anxious behaviors using L. rhamnosus JB-1 did not translate into
therapeutic benefits in healthy male human volunteers; after an 8-week
trial, there was no difference between the treatment group and placebo
[84]. The fact that the study included healthy participants without
depression or anxiety is an important limitation. Overall, the encour-
aging findings of animal studies suggest that the use of L. rhamnosus JB-1
may represent a potential therapeutic strategy for anxiety and depres-
sion, but more findings from adequately designed human studies are
needed [85].

Three clinical trials have demonstrated that depression was
improved with the mixture of B. bifidum W23, B. lactis W52,
L. acidophilus W37, L. brevis W63, L. casei W56, L. salivarius W24, and
L. lactis W19 and W58, commercially known as Ecologic®Barrier.*® 5
(Table 3) In a triple-blind, placebo-controlled, randomized, pre and
post-intervention assessment design, participants rated their mood using
the Leiden Index of Depression Sensitivity-revised (LEIDS-r) question-
naire, Beck Depression Inventory (BDI), and Beck Anxiety Inventory
(BAI). The significant findings were regarding less aggression (P <
0.001) and rumination (P < 0.001) when in a sad mood, as reported on
the LEIDS-r. The authors note that individuals with ruminating thoughts
often have a harder time recovering from a depressive episode. While
specific mechanisms were not identified or measured in this study, the
authors note that the findings may provide a basis for future studies
[86]. Another triple-blind parallel, placebo-controlled, randomized
controlled trial was completed using the same combination (Ecolo-
gic®Barrier). This study found an improvement in the cognitive reac-
tivity scores (which may suggest one’s vulnerability to depression), but
depressive symptoms, as measured by validated questionnaires (BAI,
BDI, DASS), did not significantly change. Some limitations of this trial
include the lack of saliva, blood, or urine measures that could have been
considered and an attrition rate of only 34% [87]. The third study, a
single-center uncontrolled trial (N = 83), using the same combination
probiotic, found a significant reduction (P < 0.001) in anxiety and
depression as reported in the Hospital Anxiety and Depression Scale
(HADS) for individuals who also were diagnosed with irritable bowel
syndrome (IBS) [88].

The combination of L. reuteri NK33 and B. adolescentis NK98, known
as NVP-1704, was used in an 8 week randomized, double-blind, placebo-
controlled trial of 156 participants presenting with symptoms of
depression, anxiety, and insomnia. The use of validated questionnaires
(BDI-II, BAIL PSQI, and Insomnia Severity Index (ISI)), as well as bio-
markers (IL-6, TNF-a, ACTH, and cortisol), were used to measure out-
comes. Specific neurotransmitters were not measured in this study. A
significant improvement in depression and anxiety was observed at 4
weeks (P = 0.006) and 8 weeks (P = 0.037). Sleep improved signifi-
cantly at 8 weeks (P = 0.068), though not at 4 weeks (P = 0.123). IL-6, a
pro-inflammatory cytokine, was the only biomarker of significance (P =
0.041), suggesting a decrease in inflammation [89]. These findings were
in alignment with previous animal studies that were conducted [62].

B. longum NCC3001 was given for ten weeks to adults (N = 44) in a
randomized, double-blind, placebo-controlled, single-center pilot study
presenting with depression and anxiety along with IBS. At ten weeks,
there was a significant reduction in depression (P = 0.04), as measured
by HAD-D, without a significant impact on anxiety, as measured by the
HAD-A and STAI, in individuals with IBS [90]. (Table 2)

Given the potential effect of genetic variation on response to psy-
chobiotics, a growing number of studies are focusing on this topic. One
interventional randomized placebo-controlled trial examined carriers of
a variant in the IL1B gene (rs16944), A allele (34 of the 65 subjects
included in the study), which has been linked to an elevated risk of
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depression and anxiety in select populations. After 12 weeks of using a
nine-strain combination probiotic supplement (including strains of
Streptococcus, Bifidobacterium, Lactobacillus, and Lactococcus), those with
the A allele experienced significantly less anxiety than the non-carriers
of the variant and placebo group (P = 0.02) [91].

An 8-week randomized, double-blind placebo-controlled trial was
conducted in individuals diagnosed with major depressive disorder who
were being treated with an SSRI. The primary outcome measures of this
study, a reduction of depressive and anxiety symptoms, did not result in
a significant change. However, the group (N = 30) receiving L. plantarum
299v showed a decrease in kynurenine concentrations and improvement
in cognitive function (secondary outcome measures) compared to the
placebo group (N = 30). Kynurenines are believed to play a role in
depression and can have neurotoxic and neurodegenerative effects on
the brain [92].

Additionally, some strains of probiotics were administered and
studied in relation to HPA function and responses to stress. For example,
B. longum 1714 reduced salivary cortisol levels (P = 0.05) and stress as
rated by the Cohen Perceived Stress Scale (P < 0.01) [42]. On the
contrary, a double-blind, randomized, placebo-controlled, repeated
measures, cross-over design found that while B. longum 1714 improved
sleep quality, measured by PSQI (P < 0.05), and did not impact cortisol
levels or depression when under stress during academic exams [93].
L. plantarum 299v also reduced cortisol levels (P < 0.05) when in-
dividuals were under examination stress (classified as acute stress) [41].
An open-label, single-arm, baseline-controlled pilot study by Wu et al.
utilized L. plantarum PS128 for eight weeks in adults classified as
high-stressed Information Technology (IT) specialists. There was a sta-
tistically significant decrease in self-perceived stress (P < 0.001), state
and trait anxiety (P < 0.001), overall job stress (P = 0.003), job burden
(P = 0.037), insomnia severity (P < 0.001), depression (P < 0.002),
negative emotions (P < 0.01) while increasing overall positive emotions
and satisfaction with the quality of life (P < 0.001). The authors noted
that the significant decrease in salivary cortisol (P < 0.05) did not
correlate to the changes in depression or perceived stress, suggesting
that the PS128 mechanism of action may not occur through the HPA axis
[94]. L. gasseri CP2305 was administered to 29 healthy adults who were
preparing for a national exam for medical providers. This resulted in
decreased salivary cortisol levels (P = 0.039) and significantly reduced
anxiety and depression scores as measured by validated questionnaires
(P =0.014, P = 0.041, P < 0.001) after 24 weeks of use [95].

Ghorbani et al. used a blend of probiotics (L. casei, L. acidophilus, L.
bulgaricus, L. rhamnosus, B. breve, B. longum, S. thermophilus) and prebi-
otic (FOS) as an adjuvant therapy with a commonly prescribed antide-
pressant (fluoxetine) in 40 adults in a double-blind, multicenter trial.
After four weeks, the groups treated with the blend of probiotics and
prebiotics significantly reduced symptoms (P = 0.024) as reported on
the Hamilton rating scale for depression [96]. Though the specific
strains of each probiotic were not specified, this study may provide
useful insight for further research.

With an increased understanding of the link between body compo-
sition, obesity status, and anxiety, a blend of 8 probiotic strains (Table 3)
was administered to a group of individuals in a prospective intervention
study. In addition to significant reductions in weight and body compo-
sition, the two groups treated with the probiotic blend also realized a
significant reduction in anxiety, as measured by the Hamilton Anxiety
Rating Scale (P = 0.01 and P = 0.04) [97].

Summary of the research of microbes’ effects on GABA production in cell
culture

While lactic acid bacteria are considered the main microbial pro-
ducers of GABA [98], Lactobacillus and Bifidobacterium are both known
to increase the production of GABA in cell cultures, animal models, and
human models. Specific strains of Lactobacillus and Bifidobacterium have
been studied to measure the amount of GABA produced by these bacteria
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and its effect on mental health [31,49]. Utilizing the knowledge that
GABA is synthesized by glutamate decarboxylase (GAD) from MSG,
multiple studies have focused on the amount of GABA that can be pro-
duced from MSG.

A cell culture study was completed to assess the conversion of MSG to
GABA using 91 strains of Lactobacillus and Bifidobacterium. Five strains
were identified as GABA producers with a conversion rate of 22-100%
[31], as shown in Table 4.

Yunes et al. examined 135 human-derived strains of Lactobacillus and
Bifidobacterium, finding that 58 strains were able to produce GABA,
including L. plantarum, L. brevis, B. adolescentis, L. angulatum, and
B. dentium with the Bifidobacterium species being reported as the “most
efficient” resulting in 2500-6000 g/L of GABA. The genome of these
bacteria includes gadB and gadC, which are necessary for synthesizing
GABA [98]. (Table 4)

Another cell culture study identified 7 of the 57 food-derived lactic
acid bacteria to produce GABA, with L. lactis LP-68 producing the
highest amount. Interestingly, the authors observed that GABA was not
produced when MSG was not present, suggesting the importance of MSG
in the production of GABA [34]. (Table 4)

L. brevis is considered one of the most efficient GABA-producing
bacteria, with all species of L. brevis being reported to produce GABA
from food-derived Lactobacillus from fermented foods such as yogurt or
kefir.[98] L. brevis CRL1942, isolated from food (amaranth, quinoa, and
sourdough), was effective at producing GABA from MSG [99]. L. brevis
TCCC13007, extracted from Chinese pickled vegetables, also produced

Table 4
Cell culture studies-Conversion of monosodium glutamate (MSG) to GABA.
Microbe Impact Strain source Reference
B. adolescentis 22% conversion of Infant feces [31]
DPC6044 MSG to GABA
B. adolescentis 150 3001-6000 mg/L Feces, saliva, or [98]
GABA produced- vagina of humans
considered an effective
GABA producer
B. angulatum 2616-3469 mg/L Feces, saliva, or [98]
GT102 GABA produced- vagina of humans
considered an effective
GABA producer
B. dentium 52.5% conversion of Infant feces [31]
DPC6333 MSG to GABA
B. dentium 60.9% conversion of Dental caries [31]
NCFB2243 MSG to GABA
B. infantis 34.6% conversion of Ileal-cecal region [31]
UCC35624 MSG to GABA
L. brevis DPC6108  100% conversation of Infant feces [31]
MSG to GABA
L. brevis CRL 1942 ~90% conversion of Amaranth, quinoa, [99]
MSG to GABA and sourdough source
L. brevis 92.2%—98.6% Chinese pickled [100]
TCCC13007 conversion of MSG to vegetable source
GABA
L. brevis NCL912 L-glutamic acid to Chinese paocai food [101]
GABA was the most source
effective medium; up
to 205 g/L of GABA
produced
L. brevis K203 44.4 g/L. GABA Kimchi food source [102]
produced/ 99.7%
conversion
L. buchneri 70 g/L of GABA Food derived [98]
WP2001 produced
L. lactis LP-68 Four-fold increase in Culture of MRS broth. [34]
GABA production After 96 h of
incubation. Can be
considered for use as
a starter culture for
foods or supplements
L. reuteri DSM 0.05 mM GABA Fermented barley [105]
17938 and produced
ATCC PTA 6475
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high amounts of GABA [100]. Additionally, L. brevis NCL912, extracted
from Chinese poacai, also showed a high production of GABA, using
L-glutamic acid as the substrate instead of MSG in cell cultures [101].
L. brevis FPA3709 from MSG-cooked black soybeans produced the
highest amount of GABA, which was then used in an animal model
study. L. brevis K203, isolated from kimchi, resulted in a 99.7% con-
version from glutamate to GABA within 72 h [102]. The use of L. brevis
FPA3709 resulted in an antidepressant effect in rats similar to fluoxe-
tine, a commonly prescribed antidepressant [103].

Several additional strains of Lactobacillus were highly effective at
producing GABA from other food sources, including Italian cheeses
(L. brevis, L. lactis) and Chinese adzuki beans (L. rhamnosus GG), and
fermented milk products [33]. In cell culture, L. delbrueckii subsp. bul-
garicus produced “0.3uM GABA on milk-containing medium”, the
equivalent of the amount of GABA produced in human cerebrospinal
fluid [33]. Specific strains of L. reuteri (DSM 17938 and ATCC PTA 6475)
produced significantly higher concentrations of GABA in fermented
barley (0.05 mM of GABA) compared to heat treated barley (0.01 mM of
GABA) [104]. Lastly, L. reuteri, isolated from human breast milk, has
been shown to be a beneficial strain to produce GABA-enriched func-
tional foods and psychobiotics [105].

Conclusion

The increasing economic and societal burden of depression and
anxiety highlights the urgency to effectively develop dietary in-
terventions to manage depression, anxiety, and stress. While psycho-
biotics for clinical use in managing depression and anxiety in humans
remain in their infancy, the findings of these studies are promising. In
addition to their use for depression and anxiety, extensive research is
also being done to explore their use for other neurological and mental
health conditions, including autism spectrum disorder, ADHD, schizo-
phrenia, Alzheimer’s disease, Parkinson’s disease, and alcohol use dis-
order, to name a few areas of research interest [15,20,70,106-108].

At present, more research is still needed in humans to understand the
mechanism of action psychobiotics have on mental health, specific
strains that could produce the most beneficial effects, and how psy-
chobiotics could be used as a clinical therapy for anxiety and depression.
For example, Karakula-Juchnowicz et al. have a trial registered to
examine the use of B. longum RO175 and L. helveticus RO052 with a
gluten-containing or gluten-free diet called the SANGUT study, to be
conducted on 120 individuals with major depressive disorder over 12
weeks. This study will aim to determine how the psychobiotics, diet, or
combination of the two will impact mental state, inflammatory markers,
and gut permeability markers [109].

Further, the data collected from animal models may not translate to
human studies and therefore warrants more human clinical trials to be
conducted [24]. Clinicians should continue to stay informed and
educated on the doses and strains of psychobiotics that can be used for
depression and anxiety, as well as the many other neurological condi-
tions for which this research is emerging, as it is estimated that the
probiotic market could reach over $66 billion by 2024 [110]. Consumers
and clinicians should be cautious with the plethora of probiotic and
prebiotic supplements readily available on the market today not to as-
sume that the findings reported in the literature for one psychobiotics
will translate into clinical utility for another strain. In supplementation,
the label may not always clearly identify which strains of probiotics are
being used, as we also observe that not all studies include the specific
strains used. For example, a label may indicate Bifidobacterium longum
but may not indicate the specific strain of R0175, NCC3001 or 1714,
which may or may not be critical in the proper dosing and administra-
tion for mental health disorders. On the contrary, others, like the com-
bination of B. longum R0175 and L. helveticus R0O052, which has been
extensively researched in animal and human studies, can be found in
multiple over-the-counter and professional supplements labeled as such.
Sharma et al. report on several commercially available
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probiotic/psychobiotics products available to consumers, including
strains highlighted in this review [107].

The inclusion of psychobiotics produced in foods or used as a sup-
plement may prove to be an important treatment option for anxiety and
depression. The term “Nutritional Psychiatry” was coined to recognize
the relationship between mental health and diet, including psycho-
biotics, omega-3 fatty acids, B vitamins, vitamin D, and a diet rich in
nutrients and fiber [111]. Butler et al. provide practical clinical tips for
buying probiotics and dietary sources to include, such as fermented
foods [110]. Clinically, including probiotic and prebiotic-rich foods as a
daily staple of a healthy food plan, may be the ideal recommendation to
help inoculate the GI tract with an abundance of beneficial bacteria.

Standard pharmaceutical options for depression and anxiety carry
safety concerns and side effects are common. Psychobiotics have a low
likelihood of adverse events and have been found to be safe for long-
term use [26].

In summary, despite some limitations listed earlier, the existing ev-
idence suggests that personalized psychobiotics as food or supplement
may have a therapeutic role in the management of depression and
anxiety.

Author contributions
No additional contributions or acknowledgements exist.
Funding statement

This research did not receive any specific grants from funding
agencies in the public, commercial, or not-for-profit sectors.

Acknowledgments

The author wishes to acknowledge Bibiana Garcia-Bailo, Ph.D., for
her support and assistance proofreading this manuscript.

References

[1

—

Center for Disease Control and Prevention. Depression. Published 2022. Accessed
May 29, 2022. https://www.cdc.gov/nchs/fastats/depression.htm.

World Health Organization. Depression. Published 2021. Accessed May 29, 2022.
https://www.who.int/news-room/fact-sheets/detail /depression.

Talbott SM, Talbott JA, Stephens BJ, Oddou MP. Effect of coordinated probiotic/
prebiotic/phytobiotic supplementation on microbiome balance and psychological
mood state in healthy stressed adults. Funct Foods Health Dis. 2019. https://doi.
org/10.31989/ffhd.v9i4.599. Published online.

Ettman CK, Abdalla SM, Cohen GH, Sampson L, Vivier PM, Galea S. Prevalence of
depression symptoms in US adults before and during the COVID-19 pandemic.
JAMA Netw Open. 2020;3(9). https://doi.org/10.1001/
jamanetworkopen.2020.19686.

de Aratijo F, Farias D. Psychobiotics: an emerging alternative to ensure mental
health amid the COVID-19 outbreak? Trends Food Sci Technol. 2020;103:386-387.
https://doi.org/10.1016/j.tifs.2020.07.006.

Shabbir A, Mehak F, Khan Z, et al. Delving the role of nutritional psychiatry to
mitigate the COVID-19 pandemic induced stress, anxiety and depression. Trends
Food Sci Technol. 2022;120(February):25-35. https://doi.org/10.1016/j.
tifs.2021.12.035.

Lyon L. All disease begins in the gut’: was Hippocrates right? Brain. 2018.
https://doi.org/10.1093/brain/awy017. Published online.

Bauer KC, Huus KE, Finlay BB. Microbes and the mind: emerging hallmarks of the
gut microbiota-brain axis. Cell Microbiol. 2016. https://doi.org/10.1111/
cmi.12585. Published online.

Kelly JR, Clarke G, Cryan JF, Dinan TG. Brain-gut-microbiota axis: challenges for
translation in psychiatry. Ann Epidemiol. 2016. https://doi.org/10.1016/].
annepidem.2016.02.008. Published online.

Smythies LE, Smythies JR. Microbiota, the immune system, black moods and the
braina€”melancholia updated. Front Hum Neurosci. 2014. https://doi.org/
10.3389/fnhum.2014.00720. Published online.

Kim N, Yun M, Oh YJ, Choi HJ. Mind-altering with the gut: modulation of the gut-
brain axis with probiotics. J Microbiol. 2018. https://doi.org/10.1007/s12275-
018-8032-4. Published online.

Garakani A, Win T, Virk S, Gupta S, Kaplan D, Masand PS. Comorbidity of
irritable bowel syndrome in psychiatric patients: a review. Am J Ther. 2003.
https://doi.org/10.1097,/00045391-200301000-00014. Published online.
Addolorato G, Mirijello A, D’Angelo C, et al. State and trait anxiety and
depression in patients affected by gastrointestinal diseases: psychometric

[2

=

[3

=

[4

=

[5

—

[6

[}

[7

—

[8

—

[9

—

[10]

[11]

[12]

[13]

10

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

EXPLORE xxx (XxXxX) XXX

evaluation of 1641 patients referred to an internal medicine outpatient setting. Int
J Clin Pract. 2008. https://doi.org/10.1111/j.1742-1241.2008.01763.x.
Published online.

Martin CR, Osadchiy V, Kalani A, Mayer EA. The brain-gut-microbiome axis.
CMGH. 2018. https://doi.org/10.1016/j.jemgh.2018.04.003. Published online.
Sherwin E, Sandhu KV, Dinan TG, Cryan JF. May the force be with you: the light
and dark sides of the microbiota—gut-—brain axis in neuropsychiatry. CNS Drugs.
2016. https://doi.org/10.1007/s40263-016-0370-3. Published online.

Van De Wouw M, Walsh AM, Crispie F, et al. Distinct actions of the fermented
beverage kefir on host behaviour, immunity and microbiome gut-brain modules
in the mouse. Microbiome. 2020. https://doi.org/10.1186/540168-020-00846-5.
Published online.

Galland L. The Gut Microbiome and the Brain. J Med Food. 2014. https://doi.org/
10.1089/jmf.2014.7000. Published online.

LaGreca M, Skehan L, Hutchinson D. The microbiome and neurotransmitter
activity. J Sci Med. 2022. https://doi.org/10.37714/josam.v3i2.90. Published
online.

Misra S, Mohanty D. Psychobiotics: a new approach for treating mental illness?
Crit Rev Food Sci Nutr. 2019. https://doi.org/10.1080/10408398.2017.1399860.
Published online.

Dinan TG, Cryan JF. The microbiome-gut-brain axis in health and disease.
Gastroenterol Clin North Am. 2017. https://doi.org/10.1016/].gtc.2016.09.007.
Published online.

Dinan TG, Stilling RM, Stanton C, Cryan JF. Collective unconscious: how gut
microbes shape human behavior. J Psychiatr Res. 2015;63:1-9. https://doi.org/
10.1016/j.jpsychires.2015.02.021.

Averina OV, Zorkina YA, Yunes RA, et al. Bacterial metabolites of human gut
microbiota correlating with depression. Int J Mol Sci. 2020;21(23):1-40. https://
doi.org/10.3390/ijms21239234.

Evrensel A, Onen Unsalver B, Ceylan ME. Therapeutic potential of the
microbiome in the treatment of neuropsychiatric disorders. Medical Sciences.
2019;7(2):21. https://doi.org/10.3390/medsci7020021.

Dinan TG, Cryan JF. Brain-Gut-Microbiota Axis and Mental Health. Psychosom
Med. 2017. https://doi.org/10.1097/PSY.0000000000000519. Published online.
Deans E. Microbiome and mental health in the modern environment. J Physiol
Anthropol. 2017;36(1):36-39. https://doi.org/10.1186/s40101-016-0101-y.
Logan AC, Jacka FN, Craig JM, Prescott SL. The microbiome and mental health:
looking back, moving forward with lessons from allergic diseases. Clin
Psychopharmacol Neurosci. 2016. https://doi.org/10.9758/cpn.2016.14.2.131.
Published online.

Cryan JF, Dinan TG. Mind-altering microorganisms: the impact of the gut
microbiota on brain and behaviour. Nat Rev Neurosci. 2012. https://doi.org/
10.1038/nrn3346. Published online.

Wall R, Cryan JF, Paul Ross R, Fitzgerald GF, Dinan TG, Stanton C. Bacterial
neuroactive compounds produced by psychobiotics. Adv Exp Med Biol. 2014.
https://doi.org/10.1007/978-1-4939-0897-4_10. Published online.

Luang-In V, Katisart T, Konsue A, et al. Psychobiotic effects of multi-strain
probiotics originated from Thai fermented foods in a rat model. Food Sci Anim
Resour. 2020. https://doi.org/10.5851/KOSFA.2020.E72. Published online.
O’Mahony SM, Clarke G, Borre YE, Dinan TG, Cryan JF. Serotonin, tryptophan
metabolism and the brain-gut-microbiome axis. Behav Brain Res. 2015. https://
doi.org/10.1016/j.bbr.2014.07.027. Published online.

Barrett E, Ross RP, O’Toole PW, Fitzgerald GF, Stanton C. y-Aminobutyric acid
production by culturable bacteria from the human intestine. J Appl Microbiol.
2012. https://doi.org/10.1111/4.1365-2672.2012.05344.x. Published online.
Bermidez V, Nava M, Rojas M, et al. Depression as a neuroendocrine disorder:
emerging neuropsychopharmacological approaches beyond monoamines. Adv
Pharmacol Sci. 2019;2019:1-20. https://doi.org/10.1155/2019/7943481.
Oleskin AV, Shenderov BA, Rogovsky VS. Role of neurochemicals in the
interaction between the microbiota and the immune and the nervous system of
the host organism. Probiotics Antimicrob Proteins. 2017. https://doi.org/10.1007/
512602-017-9262-1. Published online.

Sharma P, Singh N, Singh S, Khare SK, Nain PKS, Nain L. Potent y-amino butyric
acid producing psychobiotic Lactococcus lactis LP-68 from non-rhizospheric soil
of Syzygium cumini (Black plum). Arch Microbiol. 2022. https://doi.org/
10.1007/500203-021-02629-4. Published online.

Gao J, Xu K, Liu H, et al. Impact of the gut microbiota on intestinal immunity
mediated by tryptophan metabolism. Front Cell Infect Microbiol. 2018. https://doi.
org/10.3389/fcimb.2018.00013. Published online.

Liu R, Han Y, Du J, Yi W, Jin K, Zhu X. Microbiota-gut-brain axis and the central
nervous system. Oncotarget. 2017. https://doi.org/10.18632/oncotarget.17754.
Published online.

Kelly JR, Kennedy PJ, Cryan JF, Dinan TG, Clarke G, Hyland NP. Breaking down
the barriers: the gut microbiome, intestinal permeability and stress-related
psychiatric disorders. Front Cell Neurosci. 2015. https://doi.org/10.3389/
fncel.2015.00392. Published online.

Kazemi A, Noorbala AA, Azam K, Eskandari MH, Djafarian K. Effect of probiotic
and prebiotic vs placebo on psychological outcomes in patients with major
depressive disorder: a randomized clinical trial. Clin Nutrit. 2019. https://doi.org/
10.1016/j.cInu.2018.04.010. Published online.

Wei CL, Wang S, Yen JT, et al. Antidepressant-like activities of live and heat-
killed Lactobacillus paracasei PS23 in chronic corticosterone-treated mice and
possible mechanisms. Brain Res. 2019. https://doi.org/10.1016/j.
brainres.2019.01.025. Published online.


https://www.cdc.gov/nchs/fastats/depression.htm
https://www.who.int/news-room/fact-sheets/detail/depression
https://doi.org/10.31989/ffhd.v9i4.599
https://doi.org/10.31989/ffhd.v9i4.599
https://doi.org/10.1001/jamanetworkopen.2020.19686
https://doi.org/10.1001/jamanetworkopen.2020.19686
https://doi.org/10.1016/j.tifs.2020.07.006
https://doi.org/10.1016/j.tifs.2021.12.035
https://doi.org/10.1016/j.tifs.2021.12.035
https://doi.org/10.1093/brain/awy017
https://doi.org/10.1111/cmi.12585
https://doi.org/10.1111/cmi.12585
https://doi.org/10.1016/j.annepidem.2016.02.008
https://doi.org/10.1016/j.annepidem.2016.02.008
https://doi.org/10.3389/fnhum.2014.00720
https://doi.org/10.3389/fnhum.2014.00720
https://doi.org/10.1007/s12275-018-8032-4
https://doi.org/10.1007/s12275-018-8032-4
https://doi.org/10.1097/00045391-200301000-00014
https://doi.org/10.1111/j.1742-1241.2008.01763.x
https://doi.org/10.1016/j.jcmgh.2018.04.003
https://doi.org/10.1007/s40263-016-0370-3
https://doi.org/10.1186/s40168-020-00846-5
https://doi.org/10.1089/jmf.2014.7000
https://doi.org/10.1089/jmf.2014.7000
https://doi.org/10.37714/josam.v3i2.90
https://doi.org/10.1080/10408398.2017.1399860
https://doi.org/10.1016/j.gtc.2016.09.007
https://doi.org/10.1016/j.jpsychires.2015.02.021
https://doi.org/10.1016/j.jpsychires.2015.02.021
https://doi.org/10.3390/ijms21239234
https://doi.org/10.3390/ijms21239234
https://doi.org/10.3390/medsci7020021
https://doi.org/10.1097/PSY.0000000000000519
https://doi.org/10.1186/s40101-016-0101-y
https://doi.org/10.9758/cpn.2016.14.2.131
https://doi.org/10.1038/nrn3346
https://doi.org/10.1038/nrn3346
https://doi.org/10.1007/978-1-4939-0897-4_10
https://doi.org/10.5851/KOSFA.2020.E72
https://doi.org/10.1016/j.bbr.2014.07.027
https://doi.org/10.1016/j.bbr.2014.07.027
https://doi.org/10.1111/j.1365-2672.2012.05344.x
https://doi.org/10.1155/2019/7943481
https://doi.org/10.1007/s12602-017-9262-1
https://doi.org/10.1007/s12602-017-9262-1
https://doi.org/10.1007/s00203-021-02629-4
https://doi.org/10.1007/s00203-021-02629-4
https://doi.org/10.3389/fcimb.2018.00013
https://doi.org/10.3389/fcimb.2018.00013
https://doi.org/10.18632/oncotarget.17754
https://doi.org/10.3389/fncel.2015.00392
https://doi.org/10.3389/fncel.2015.00392
https://doi.org/10.1016/j.clnu.2018.04.010
https://doi.org/10.1016/j.clnu.2018.04.010
https://doi.org/10.1016/j.brainres.2019.01.025
https://doi.org/10.1016/j.brainres.2019.01.025

K. Ross

[40] Liu H, Liu G, Gao J, et al. Impact of the gut microbiota on intestinal immunity
mediated by tryptophan metabolism. Front Cell Infect Microbiol. 2018. https://doi.
org/10.3389/fcimb.2018.00013. Published online.

[41] Andersson H, Tullberg C, Ahrné S, et al. Oral administration of lactobacillus
plantarum 299v reduces cortisol levels in human saliva during examination
induced stress: a randomized, double-blind controlled trial. Int J Microbiol. 2016.
https://doi.org/10.1155/2016/8469018. Published online.

[42] Allen AP, Hutch W, Borre YE, et al. Bifidobacterium longum 1714 as a
translational psychobiotic: modulation of stress, electrophysiology and
neurocognition in healthy volunteers. Transl Psychiatry. 2016. https://doi.org/
10.1038/tp.2016.191. Published online.

[43] Wang H, Lee IS, Braun C, Enck P. Effect of probiotics on central nervous system
functions in animals and humans: a systematic review. J Neurogastroenterol Motil.
2016. https://doi.org/10.5056/jnm16018. Published online.

[44] Sarkar A, Lehto SM, Harty S, Dinan TG, Cryan JF, Burnet PWJ. Psychobiotics and
the Manipulation of bacteria—gut-brain signals. Trends Neurosci. 2016. https://
doi.org/10.1016/].tins.2016.09.002. Published online.

[45] Dinan TG, Stanton C, Cryan JF. Psychobiotics: a novel class of psychotropic. Biol
Psychiatry. 2013. https://doi.org/10.1016/j.biopsych.2013.05.001. Published
online.

[46] Bambury A, Sandhu K, Cryan JF, Dinan TG. Finding the needle in the haystack:
systematic identification of psychobiotics. Br J Pharmacol. 2018. https://doi.org/
10.1111/bph.14127. Published online.

[47] Desbonnet L, Garrett L, Clarke G, Kiely B, Cryan JF, Dinan TG. Effects of the
probiotic Bifidobacterium infantis in the maternal separation model of
depression. Neuroscience. 2010. https://doi.org/10.1016/j.
neuroscience.2010.08.005. Published online.

[48] Desbonnet L, Garrett L, Clarke G, J B, Dinan TG. The probiotic Bifidobacteria
infantis: an assessment of potential antidepressant properties in the rat.

J Psychiatr Res. 2008:164-174. https://doi.org/10.1016/j.
Jjpsychires.2008.03.009. Published online.

[49] Bravo JA, Forsythe P, Chew MV, et al. Ingestion of Lactobacillus strain regulates
emotional behavior and central GABA receptor expression in a mouse via the
vagus nerve. Proc Nat Acad Sci. 2011. https://doi.org/10.1073/
pnas.1102999108. Published online.

[50] Janik R, Thomason LAM, Stanisz AM, Forsythe P, Bienenstock J, Stanisz GJ.
Magnetic resonance spectroscopy reveals oral Lactobacillus promotion of
increases in brain GABA, N-acetyl aspartate and glutamate. Neuroimage. 2016.
https://doi.org/10.1016/j.neuroimage.2015.11.018. Published online.

[51] Liu Y, Steinhausen K, Bharwani A, Mian MF, Neufeld KAMV, Forsythe P.
Increased persistence of avoidance behaviour and social deficits with L.
rhamnosus JB-1 or selective serotonin reuptake inhibitor treatment following
social defeat. Sci Rep. 2020. https://doi.org/10.1038/541598-020-69968-y.
Published online.

[52] Huang SY, Chen LH, Wang MF, et al. Lactobacillus paracasei PS23 delays
progression of age-related cognitive decline in senescence accelerated mouse
prone 8 (SAMPS8) mice. Nutrients. 2018. https://doi.org/10.3390/nul0070894.
Published online.

[53] Liao JF, Hsu CC, Chou GT, Hsu JS, Liong MT, Tsai YC. Lactobacillus paracasei
PS23 reduced early-life stress abnormalities in maternal separation mouse model.
Benef Microbes. 2019. https://doi.org/10.3920/BM2018.0077. Published online.

[54] Barros-Santos T, Silva KSO, Libarino-Santos M, et al. Effects of chronic treatment
with new strains of Lactobacillus plantarum on cognitive, anxiety- And
depressive-like behaviors in male mice. PLoS ONE. 2020. https://doi.org/
10.1371/journal.pone.0234037. Published online.

[55] Liu WH, Chuang HL, Huang YT, et al. Alteration of behavior and monoamine
levels attributable to Lactobacillus plantarum PS128 in germ-free mice. Behav
Brain Res; 2016. Published online https://doi.org/10.1016/j.bbr.2015.10.046.

[56] Liu YW, Liu WH, Wu CC, et al. Psychotropic effects of Lactobacillus plantarum
PS128 in early life-stressed and naive adult mice. Brain Res. 2016. https://doi.
org/10.1016/j.brainres.2015.11.018. Published online.

[57] Liang S, Wang T, Hu X, et al. Administration of Lactobacillus helveticus NS8
improves behavioral, cognitive, and biochemical aberrations caused by chronic
restraint stress. Neuroscience. 2015. https://doi.org/10.1016/j.
neuroscience.2015.09.033. Published online.

[58] Luo J, Wang T, Liang S, Hu X, Li W, Jin F. Ingestion of Lactobacillus strain reduces
anxiety and improves cognitive function in the hyperammonemia rat. Sci China
Life Sci. 2014. https://doi.org/10.1007/511427-014-4615-4. Published online.

[59] Arseneault-Bréard J, Rondeau I, Gilbert K, et al. Combination of Lactobacillus
helveticus R0052 and Bifidobacterium longum R0175 reduces post-myocardial
infarction depression symptoms and restores intestinal permeability in a rat
model. Brit J Nutrit. 2012. https://doi.org/10.1017/50007114511005137.
Published online.

[60] Tillmann S, Awwad HM, Eskelund AR, et al. Probiotics affect one-carbon
metabolites and catecholamines in a genetic rat model of depression. Mol Nutr
Food Res. 2018. https://doi.org/10.1002/mnfr.201701070. Published online.

[61] Tian P, O’Riordan KJ, kun Lee Y, et al. Towards a psychobiotic therapy for
depression: bifidobacterium breve CCFM1025 reverses chronic stress-induced
depressive symptoms and gut microbial abnormalities in mice. Neurobiol Stress.
2020;12(November 2019), 100216. https://doi.org/10.1016/].
ynstr.2020.100216.

[62] Xie R, Jiang P, Lin L, et al. Oral treatment with Lactobacillus reuteri attenuates
depressive-like behaviors and serotonin metabolism alterations induced by
chronic social defeat stress. J Psychiatr Res. 2020;122:70-78. https://doi.org/
10.1016/j.jpsychires.2019.12.013.

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

EXPLORE xxx (XxXxX) XXX

Agusti A, Moya-Pérez A, Campillo 1, et al. Bifidobacterium pseudocatenulatum
CECT 7765 ameliorates neuroendocrine alterations associated with an
exaggerated stress response and anhedonia in obese mice. Mol Neurobiol. 2018.
https://doi.org/10.1007/512035-017-0768-z. Published online.

Bercik P, Park AJ, Sinclair D, et al. The anxiolytic effect of Bifidobacterium
longum NCC3001 involves vagal pathways for gut-brain communication.
Neurogastroenterol Motil. 2011. https://doi.org/10.1111/j.1365-
2982.2011.01796.x. Published online.

Savignac HM, Tramullas M, Kiely B, Dinan TG, Cryan JF. Bifidobacteria modulate
cognitive processes in an anxious mouse strain. Behav Brain Res. 2015. Published
online.

Savignac HM, Kiely B, Dinan TG, Cryan JF. Bifidobacteria exert strain-specific
effects on stress-related behavior and physiology in BALB/c mice.
Neurogastroenterol Motil. 2014. https://doi.org/10.1111/nmo.12427. Published
online.

Wang T, Hu X, Liang S, et al. Lactobacillus fermentum NS9 restores the antibiotic
induced physiological and psychological abnormalities in rats. Benef Microbes.
2015. https://doi.org/10.3920/BM2014.0177. Published online.

Liang S, Wu X, Hu X, Wang T, Jin F. Recognizing depression from the
microbiota-gut-brain axis. Int J Mol Sci. 2018. https://doi.org/10.3390/
ijms19061592. Published online.

Vlainié¢ J, Suran J, Vlainié¢ T, Vukorep AL. Probiotics as an adjuvant therapy in
major depressive disorder. Curr Neuropharmacol. 2016. https://doi.org/10.2174/
1570159x14666160526120928. Published online.

Ouabbou S, He Y, Butler K, Tsuang M. Inflammation in mental disorders: is the
microbiota the missing link? Neurosci Bull. 2020;36(9):1071-1084. https://doi.
org/10.1007/512264-020-00535-1.

Messaoudi M, Violle N, Bisson JF, Desor D, Javelot H, Rougeot C. Beneficial
psychological effects of a probiotic formulation (Lactobacillus helveticus R0052
and Bifidobacterium longum R0175) in healthy human volunteers. Gut Microbes.
2011. https://doi.org/10.4161/gmic.2.4.16108. Published online.

Messaoudi M, Lalonde R, Violle N, et al. Assessment of psychotropic-like
properties of a probiotic formulation (Lactobacillus helveticus RO052 and
Bifidobacterium longum R0175) in rats and human subjects. Brit. J Nutrit. 2011.
https://doi.org/10.1017/50007114510004319. Published online.
Heidarzadeh-Rad N, Gokmen-Ozel H, Kazemi A, Almasi N, Djafarian K. Effects of
a psychobiotic supplement on serum brain-derived neurotrophic factor levels in
depressive patients: a post hoc analysis of a randomized clinical trial.

J Neurogastroenterol Motil. 2020. https://doi.org/10.5056/jnm20079. Published
online.

Wallace CJK, Milev RV. The efficacy, safety, and tolerability of probiotics on
depression: clinical results from an open-label pilot study. Front Psychiatry. 2021;
12(February):1-8. https://doi.org/10.3389/fpsyt.2021.618279.

Hidese S, Ota M, Wakabayashi C, et al. Effects of chronic 1-theanine
administration in patients with major depressive disorder: an open-label study.
Acta Neuropsychiatr. 2017;29(2):72-79. https://doi.org/10.1017/neu.2016.33.
Romijn AR, Rucklidge JJ, Kuijer RG, Frampton C. A double-blind, randomized,
placebo-controlled trial of Lactobacillus helveticus and Bifidobacterium longum
for the symptoms of depression. Austr N Z J Psychiatry. 2017. https://doi.org/
10.1177/0004867416686694. Published online.

Tian P, Chen Y, Zhu H, et al. Bifidobacterium breve CCFM1025 attenuates major
depression disorder via regulating gut microbiome and tryptophan metabolism: a
randomized clinical trial. Brain Behav Immun. 2022;100(August 2021):233-241.
https://doi.org/10.1016/j.bbi.2021.11.023.

Zhang X, Chen S, Zhang M, et al. Effects of fermented milk containing
lacticaseibacillus paracasei strain shirota on constipation in patients with
depression: a randomized, double-blind, placebo-controlled trial. Nutrients. 2021;
13(7):1-16. https://doi.org/10.3390/nul3072238.

Benton D, Williams C, Brown A. Impact of consuming a milk drink containing a
probiotic on mood and cognition. Eur J Clin Nutr. 2007. https://doi.org/10.1038/
sj.ejen. 1602546, Published online.

Rao AV, Bested AC, Beaulne TM, et al. A randomized, double-blind, placebo-
controlled pilot study of a probiotic in emotional symptoms of chronic fatigue
syndrome. Gut Pathog. 2009. https://doi.org/10.1186/1757-4749-1-6. Published
online.

Kato-Kataoka A, Nishida K, Takada M, et al. Fermented milk containing
Lactobacillus casei strain Shirota preserves the diversity of the gut microbiota and
relieves abdominal dysfunction in healthy medical students exposed to academic
stress. Appl Environ Microbiol. 2016. https://doi.org/10.1128/AEM.04134-15.
Published online.

Kato-Kataoka A, Nishida K, Takada M, et al. Fermented milk containing
Lactobacillus casei strain Shirota prevents the onset of physical symptoms in
medical students under academic examination stress. Benef Microbes. 2016;7(2):
153-156. https://doi.org/10.3920/BM2015.0100.

Akkasheh G, Kashani-Poor Z, Tajabadi-Ebrahimi M, et al. Clinical and metabolic
response to probiotic administration in patients with major depressive disorder: a
randomized, double-blind, placebo-controlled trial. Nutrition. 2016;32(3):
315-320. https://doi.org/10.1016/j.nut.2015.09.003.

Kelly JR, Allen AP, Temko A, et al. Lost in translation? The potential psychobiotic
Lactobacillus rhamnosus (JB-1) fails to modulate stress or cognitive performance
in healthy male subjects. Brain Behav Immun. 2017. https://doi.org/10.1016/j.
bbi.2016.11.018. Published online.

McLean PG, Bergonzelli GE, Collins SM, Bercik P. Targeting the microbiota-gut-
brain axis to modulate behavior: which bacterial strain will translate best to
humans? Proc Nat Acad Sci. 2012. https://doi.org/10.1073/pnas.1118626109.
Published online.


https://doi.org/10.3389/fcimb.2018.00013
https://doi.org/10.3389/fcimb.2018.00013
https://doi.org/10.1155/2016/8469018
https://doi.org/10.1038/tp.2016.191
https://doi.org/10.1038/tp.2016.191
https://doi.org/10.5056/jnm16018
https://doi.org/10.1016/j.tins.2016.09.002
https://doi.org/10.1016/j.tins.2016.09.002
https://doi.org/10.1016/j.biopsych.2013.05.001
https://doi.org/10.1111/bph.14127
https://doi.org/10.1111/bph.14127
https://doi.org/10.1016/j.neuroscience.2010.08.005
https://doi.org/10.1016/j.neuroscience.2010.08.005
https://doi.org/10.1016/j.jpsychires.2008.03.009
https://doi.org/10.1016/j.jpsychires.2008.03.009
https://doi.org/10.1073/pnas.1102999108
https://doi.org/10.1073/pnas.1102999108
https://doi.org/10.1016/j.neuroimage.2015.11.018
https://doi.org/10.1038/s41598-020-69968-y
https://doi.org/10.3390/nu10070894
https://doi.org/10.3920/BM2018.0077
https://doi.org/10.1371/journal.pone.0234037
https://doi.org/10.1371/journal.pone.0234037
https://doi.org/10.1016/j.bbr.2015.10.046
https://doi.org/10.1016/j.brainres.2015.11.018
https://doi.org/10.1016/j.brainres.2015.11.018
https://doi.org/10.1016/j.neuroscience.2015.09.033
https://doi.org/10.1016/j.neuroscience.2015.09.033
https://doi.org/10.1007/s11427-014-4615-4
https://doi.org/10.1017/S0007114511005137
https://doi.org/10.1002/mnfr.201701070
https://doi.org/10.1016/j.ynstr.2020.100216
https://doi.org/10.1016/j.ynstr.2020.100216
https://doi.org/10.1016/j.jpsychires.2019.12.013
https://doi.org/10.1016/j.jpsychires.2019.12.013
https://doi.org/10.1007/s12035-017-0768-z
https://doi.org/10.1111/j.1365-2982.2011.01796.x
https://doi.org/10.1111/j.1365-2982.2011.01796.x
http://refhub.elsevier.com/S1550-8307(23)00058-7/sbref0065
http://refhub.elsevier.com/S1550-8307(23)00058-7/sbref0065
http://refhub.elsevier.com/S1550-8307(23)00058-7/sbref0065
https://doi.org/10.1111/nmo.12427
https://doi.org/10.3920/BM2014.0177
https://doi.org/10.3390/ijms19061592
https://doi.org/10.3390/ijms19061592
https://doi.org/10.2174/1570159x14666160526120928
https://doi.org/10.2174/1570159x14666160526120928
https://doi.org/10.1007/s12264-020-00535-1
https://doi.org/10.1007/s12264-020-00535-1
https://doi.org/10.4161/gmic.2.4.16108
https://doi.org/10.1017/S0007114510004319
https://doi.org/10.5056/jnm20079
https://doi.org/10.3389/fpsyt.2021.618279
https://doi.org/10.1017/neu.2016.33
https://doi.org/10.1177/0004867416686694
https://doi.org/10.1177/0004867416686694
https://doi.org/10.1016/j.bbi.2021.11.023
https://doi.org/10.3390/nu13072238
https://doi.org/10.1038/sj.ejcn.1602546
https://doi.org/10.1038/sj.ejcn.1602546
https://doi.org/10.1186/1757-4749-1-6
https://doi.org/10.1128/AEM.04134-15
https://doi.org/10.3920/BM2015.0100
https://doi.org/10.1016/j.nut.2015.09.003
https://doi.org/10.1016/j.bbi.2016.11.018
https://doi.org/10.1016/j.bbi.2016.11.018
https://doi.org/10.1073/pnas.1118626109

K. Ross

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

Steenbergen L, Sellaro R, van Hemert S, Bosch JA, Colzato LS. A randomized
controlled trial to test the effect of multispecies probiotics on cognitive reactivity
to sad mood. Brain Behav Immun. 2015. https://doi.org/10.1016/j.
bbi.2015.04.003. Published online.

Chahwan B, Kwan S, Isik A, van Hemert S, Burke C, Roberts L. Gut feelings: a
randomised, triple-blind, placebo-controlled trial of probiotics for depressive
symptoms. J Affect Disord. 2019;253(April):317-326. https://doi.org/10.1016/j.
jad.2019.04.097.

Dao VH, Hoang LB, Trinh TO, Tran TTT, Dao VL. Psychobiotics for patients with
chronic gastrointestinal disorders having anxiety or depression symptoms.

J Multidiscip Healthc. 2021;14:1395-1402. https://doi.org/10.2147/JMDH.
S312316.

Lee HJ, Hong JK, Kim JK, et al. Effects of probiotic nvp-1704 on mental health
and sleep in healthy adults: an 8-week randomized, double-blind, placebo-
controlled trial. Nutrients. 2021;13(8). https://doi.org/10.3390/nul13082660.
Pinto-Sanchez MI, Hall GB, Ghajar K, et al. Probiotic Bifidobacterium longum
NCC3001 reduces depression scores and alters brain activity: a pilot study in
patients with irritable bowel syndrome. Gastroenterology. 2017. https://doi.org/
10.1053/j.gastro.2017.05.003. Published online.

Gualtieri P, Marchetti M, Cioccoloni G, et al. Psychobiotics regulate the anxiety
symptoms in carriers of allele A of IL-1  Gene: a randomized, placebo-controlled
clinical trial. Mediators Inflamm. 2020. https://doi.org/10.1155/2020/2346126.
Published online.

Rudzki L, Ostrowska L, Pawlak D, et al. Probiotic Lactobacillus Plantarum 299v
decreases kynurenine concentration and improves cognitive functions in patients
with major depression: a double-blind, randomized, placebo controlled study.
Psychoneuroendocrinology. 2019;100:213-222. https://doi.org/10.1016/j.
psyneuen.2018.10.010.

Moloney GM, Long-Smith CM, Murphy A, et al. Improvements in sleep indices
during exam stress due to consumption of a Bifidobacterium longum. Brain Behav
Immun Health. 2021;10(November 2020), 100174. https://doi.org/10.1016/j.
bbih.2020.100174.

Wu SI, Wu CC, Tsai PJ, et al. Psychobiotic Supplementation of PS128TM improves
stress, anxiety, and insomnia in highly stressed information technology
specialists: a pilot study. Front Nutr. 2021;8(March):1-10. https://doi.org/
10.3389/fnut.2021.614105.

Nishida K, Sawada D, Kuwano Y, Tanaka H, Rokutan K. Health benefits of
lactobacillus gasseri cp2305 tablets in young adults exposed to chronic stress: a
randomized, double-blind, placebo-controlled study. Nutrients. 2019;11(8).
https://doi.org/10.3390/nu11081859.

Ghorbani Z, Nazari S, Etesam F, Nourimajd S, Ahmadpanah M, Razeghi
Jahromi S. The effect of synbiotic as an adjuvant therapy to fluoxetine in
moderate depression: a randomized multicenter trial. Arch Neurosci. 2018;5(2).
https://doi.org/10.5812/archneurosci.60507.

Colica C, Avolio E, Bollero P, et al. Evidences of a new psychobiotic formulation
on body composition and anxiety. Mediators Inflamm. 2017. https://doi.org/
10.1155/2017/5650627. Published online.

Yunes RA, Poluektova EU, Dyachkova MS, et al. GABA production and structure
of gadB/gadC genes in Lactobacillus and bifidobacterium strains from human

12

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

EXPLORE xxx (XxXxX) XXX

microbiota. Anaerobe. 2016. https://doi.org/10.1016/j.anaerobe.2016.10.011.
Published online.

Villegas JM, Brown L, Savoy de Giori G, Hebert EM. Optimization of batch culture
conditions for GABA production by Lactobacillus brevis CRL 1942, isolated from
quinoa sourdough. LWT - Food Sci Technol. 2016. https://doi.org/10.1016/j.
Iwt.2015.11.027. Published online.

Zhang Y, Song L, Gao Q, Yu SM, Li L, Gao NF. The two-step biotransformation of
monosodium glutamate to GABA by Lactobacillus brevis growing and resting
cells. Appl Microbiol Biotechnol. 2012. https://doi.org/10.1007/s00253-012-3868-
8. Published online.

Wang Q, Liu X, Fu J, et al. Substrate sustained release-based high efficacy
biosynthesis of GABA by Lactobacillus brevis NCL912. Microb Cell Fact. 2018.
https://doi.org/10.1186/512934-018-0919-6. Published online.

Binh TTT, Ju WT, Jung WJ, Park RD. Optimization of y-amino butyric acid
production in a newly isolated Lactobacillus brevis. Biotechnol Lett. 2014;36(1):
93-98. https://doi.org/10.1007/5s10529-013-1326-z.

Ko CY, Lin HTV, Tsai GJ. Gamma-aminobutyric acid production in black soybean
milk by Lactobacillus brevis FPA 3709 and the antidepressant effect of the
fermented product on a forced swimming rat model. Process Biochem. 2013;48(4):
559-568. https://doi.org/10.1016/j.procbio.2013.02.021.

Pallin A, Agback P, Jonsson H, Roos S. Evaluation of growth, metabolism and
production of potentially bioactive components during fermentation of barley
with Lactobacillus reuteri. Food Microbiol. 2016;57:159-171. https://doi.org/
10.1016/j.fm.2016.02.011.

Tyagi A, Chen X, Shan L, Yan P, Chelliah R, Oh DH. Whole-genome analysis of
gamma-aminobutyric acid producing Psychobiotic Limosilactobacillus reuteri
with its Untargeted metabolomics using UHPLC-Q-Tof MS/MS. Gene. 2023;858,
147195. https://doi.org/10.1016/j.gene.2023.147195.

Cheng LH, Liu YW, Wu CC, Wang S, Tsai YC. Psychobiotics in mental health,
neurodegenerative and neurodevelopmental disorders. J Food Drug Anal. 2019;27
(3):632-648. https://doi.org/10.1016/j.jfda.2019.01.002.

Sharma R, Gupta D, Mehrotra R, Mago P. Psychobiotics: the next-generation
probiotics for the brain. Curr Microbiol. 2021;78(2):449-463. https://doi.org/
10.1007/500284-020-02289-5.

Rodriguez-Gonzalez A, Orio L. Microbiota and alcohol use disorder: are
psychobiotics a novel therapeutic strategy? Curr Pharm Des. 2020;26(20):
2426-2437. https://doi.org/10.2174/1381612826666200122153541.
Karakula-Juchnowicz H, Rog J, Juchnowicz D, et al. The study evaluating the
effect of probiotic supplementation on the mental status, inflammation, and
intestinal barrier in major depressive disorder patients using gluten-free or
gluten-containing diet (SANGUT study): a 12-week, randomized, double-blind.
Nutr J. 2019;18(1):1-13. https://doi.org/10.1186/s12937-019-0475-x.

Butler MI, Morkl S, Sandhu KV, Cryan JF, Dinan TG. The gut microbiome and
mental health: what should we tell our patients?: le microbiote Intestinal et la
Santé Mentale : que Devrions-Nous dire a nos Patients? Canad J Psychiatry. 2019;
64(11):747-760. https://doi.org/10.1177/0706743719874168.

Jacka FN. Nutritional psychiatry: where to next? EBioMedicine. 2017;17:24-29.
https://doi.org/10.1016/j.ebiom.2017.02.020.


https://doi.org/10.1016/j.bbi.2015.04.003
https://doi.org/10.1016/j.bbi.2015.04.003
https://doi.org/10.1016/j.jad.2019.04.097
https://doi.org/10.1016/j.jad.2019.04.097
https://doi.org/10.2147/JMDH.S312316
https://doi.org/10.2147/JMDH.S312316
https://doi.org/10.3390/nu13082660
https://doi.org/10.1053/j.gastro.2017.05.003
https://doi.org/10.1053/j.gastro.2017.05.003
https://doi.org/10.1155/2020/2346126
https://doi.org/10.1016/j.psyneuen.2018.10.010
https://doi.org/10.1016/j.psyneuen.2018.10.010
https://doi.org/10.1016/j.bbih.2020.100174
https://doi.org/10.1016/j.bbih.2020.100174
https://doi.org/10.3389/fnut.2021.614105
https://doi.org/10.3389/fnut.2021.614105
https://doi.org/10.3390/nu11081859
https://doi.org/10.5812/archneurosci.60507
https://doi.org/10.1155/2017/5650627
https://doi.org/10.1155/2017/5650627
https://doi.org/10.1016/j.anaerobe.2016.10.011
https://doi.org/10.1016/j.lwt.2015.11.027
https://doi.org/10.1016/j.lwt.2015.11.027
https://doi.org/10.1007/s00253-012-3868-8
https://doi.org/10.1007/s00253-012-3868-8
https://doi.org/10.1186/s12934-018-0919-6
https://doi.org/10.1007/s10529-013-1326-z
https://doi.org/10.1016/j.procbio.2013.02.021
https://doi.org/10.1016/j.fm.2016.02.011
https://doi.org/10.1016/j.fm.2016.02.011
https://doi.org/10.1016/j.gene.2023.147195
https://doi.org/10.1016/j.jfda.2019.01.002
https://doi.org/10.1007/s00284-020-02289-5
https://doi.org/10.1007/s00284-020-02289-5
https://doi.org/10.2174/1381612826666200122153541
https://doi.org/10.1186/s12937-019-0475-x
https://doi.org/10.1177/0706743719874168
https://doi.org/10.1016/j.ebiom.2017.02.020

	Psychobiotics: Are they the future intervention for managing depression and anxiety? A literature review
	Introduction
	Methods
	Introduction

	Probiotics, psychobiotics, depression, and anxiety
	Summary of the research on rodent models
	A summary of the research on human studies
	Summary of the research of microbes’ effects on GABA production in cell culture

	Conclusion
	Author contributions
	Funding statement
	Acknowledgments
	References


