Insights & Perspectives

Probiotics function mechanistically

as delivery vehicles for neuroactive
compounds: Microbial endocrinology in
the design and use of probiotics

Mark Lyte

| hypothesize here that the ability of probiotics to synthesize neuroactive
compounds provides a unifying microbial endocrinology-based mechanism
to explain the hitherto incompletely understood action of commensal micro-
biota that affect the host’s gastrointestinal and psychological health. Once
ingested, probiotics enter an interactive environment encompassing micro-
biological, immunological, and neurophysiological components. By utilizing a
trans-disciplinary framework known as microbial endocrinology, mechanisms
that would otherwise not be considered become apparent since any candi-
date would need to be shared among all three components. The range of
neurochemicals produced by probiotics includes neurochemicals for which
receptor-based targets on immune and neuronal elements (intestinal and
extra-intestinal) have been well characterized. Production of neurochemicals
by probiotics therefore allows for their consideration as delivery vehicles for
neuroactive compounds. This unifying microbial endocrinology-based hy-
pothesis, which may facilitate the selection and design of probiotics for
clinical use, also highlights the largely unrecognized role of neuroscience in
understanding how microbes may influence health.
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Introduction
Probiotic bacteria are increasingly being

employed in an ever-widening spectrum
of diseases as well as in general health
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[1, 2]. The putative health benefits gained
from the ingestion of probiotics have
been widely reported in the scientific
literature as well as lay press.
However, definitive mechanism(s) have
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yet to be identified for the ability of orally
administered bacteria to modulate a
number of biological processes ranging
from the production of inflammatory
cytokines by immune cells within the
gastrointestinal tract to the adhesion of
pathogenic bacteria to the mucosal gut
wall. Whereas multiple mechanisms may
be operative in each of these situations,
an alternative hypothesis as described
herein is that there may be a shared
mechanism that essentially links the
neural and immune responses to probi-
otic administration that leads to the
claimed prophylactic effects.

Critically, recent studies that have
demonstrated the ability of probiotics
to influence psychological states imply
that the mechanism(s) by which probi-
otics influence the host may extend
beyond those which address their
well-recognized ability to influence
immune-related pathways. For exam-
ple, administration of the probiotic
Bifidobacterium infantis to rats sub-
jected to a forced swim test resulted in
neurochemical alterations in addition
to attenuation of pro-inflammatory
responses that suggested a potential
antidepressant capability for the admin-
istered probiotic [3]. In human volun-
teers, as well as in a rat model,
administration of a probiotic formu-
lation consisting of Lactobacillus helve-
ticus R0O052 and B. longum RO175A
significantly attenuated psychological
distress and reduced anxiety-like behav-
ior, respectively [4].
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This ability of a probiotic to function as
an anxiolytic may have profound
clinical applications given the well-
documented occurrence of psychosocial
abnormalities that accompany a num-
ber of gastrointestinal disorders such as
those associated with chronic intestinal
inflammation [5]. As such, the examin-
ation of hitherto unsuspected novel
mechanism(s) by which probiotics
directly influence central nervous sys-
tem function is warranted.

Spectrum of probiotics:
Mechanistic issues

The diversity of probiotic organisms that
have been employed in both animal and
clinical studies is very large [6].
Increasingly, the selection of probiotics
seems to be as much dictated by the
need for use of a proprietary probiotic
to establish market share as by any
defined mechanism of action. Further
complicating the identification of
specific mechanisms has been the diver-
sity of measures utilized to assess effec-
tiveness that have spanned the gamut
from measurement of inflammatory
cytokines in patients diagnosed with
inflammatory bowel disease to an
improvement in the psychological pro-
file of healthy volunteers. The lack of
commonly shared, readily identifiable,
mechanisms of action by which to
evaluate probiotics will continue to
prove a hindrance to their acceptance
and use within the medical community.
Defining potential mechanisms of action
for probiotic bacteria will enable de-
cisions regarding which patient popu-
lations are likely to benefit from
probiotic treatment and encourage
increased utilization of these treatments
among health care professionals. It is
therefore crucial to identify the mechan-
isms of action by which probiotics may
prove beneficial for individuals. By
employing a completely new, trans-dis-
ciplinary approach combining micro-
biology and neurophysiology to the
issue of defining mechanism(s) of
action, the hypothesis introduced in this
paper will, if supported by subsequent
in vitro and in vivo experimental work
outlined below, identify a new, pre-
viously hitherto, unknown and unsus-
pected mechanism of action.

Microbial endocrinology:
Where microbiology meets
neuroscience

The first report that a bacterium can
respond to a mammalian neuroendo-
crine hormone occurred in 1929
prompted by the observation that a
high percentage of otherwise healthy
patients administered epinephrine to
relieve simple urticaria (itching) unex-
pectedly died of fulminating gas
gangrene [7]. Over the ensuing three
decades, increasing numbers of reports
noted that the temporal presence of
neurohormones,  especially  those
belonging to the stress-related catechol-
amine family, at the time of infection
had an influence on subsequent growth
and pathogenesis of a number of bac-
terial strains, including that of
Clostridium perfringens (reviewed in
ref. [8]). However, the mechanism that
these early reports ascribed to such
phenomena was one in which the
neurochemicals  suppressed  local
immunity thereby allowing the infec-
tious agent to rapidly multiply unim-
peded [9]. That a bacterium could
directly respond to a neurochemical
and alter its growth and pathogenic
capabilities was not proposed and dem-
onstrated until the early 1990s [8, 10, 11].
This intersection of microbiology with
neuroscience has been termed microbial
endocrinology [8, 10]. Evidence of its
growing recognition as an interdiscipli-
nary field addressing inter-kingdom sig-
naling in health and disease is shown by
the recent publication of the first book
solely dedicated to it as a sub-discipline
within microbiology [12] as well as the
recognition within the medical com-
munity of its relevance to the pathogen-
esis and treatment of infectious disease
[13-15]. As regards its application to the
field of probiotics, microbial endocrin-
ology addresses the ability of probiotics
to both synthesize and respond to neu-
roactive compounds as a mechanism by
which host biological processes, both
physiological and neurological, may
be influenced. Inherent in an under-
standing by which a microbial endocrin-
ology-based approach may be relevant
to the understanding of the ability of
probiotics to influence host health is
that production of neuroactive com-
ponents by a probiotic suggests the
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presence of possible receptors on the
probiotic. If so, then production of
the same neuroactive compounds by
the host may be expected to influence
the probiotic as well. This neurochemi-
cal-mediated “two-way street” is one of
the principles that undergirds the
microbial endocrinology construct [16, 17].

That a micro-organism, such as a
probiotic bacterium, should be able to
produce a neurochemical that is exactly
the same as one found in mammalian
systems may seem surprising (Table 1).
However, what is commonly considered
to be exclusive to vertebrate neuro-
chemicals and related receptors are in
fact widely dispersed throughout
nature. For example, the stress-related
neuroendocrine hormone family of cat-
echolamines has also been demon-
strated in bacteria [18], plants [19],
insects [20], and fish [21]. Indeed, the
presence of the complete biosynthetic
pathway for catecholamines in bacteria
has led to the theory that cell-to-cell
signaling in vertebrates may be due to
late horizontal gene transfer from bac-
teria [18]. The ability of bacteria to not
only produce, but also respond to host
neurochemicals forms the basis of the
emerging field of microbial endocrin-
ology (for review see [8]).

Bacteria are well recognized within
the community of scientists engaged
in microbiological safety analysis of
food products to be prodigious but
unwanted producers of neurochemicals.
For example, histamine which is more
widely known for its role in allergy and
anaphylaxis than as a neurotransmitter
[22], is produced in large quantities by
certain bacteria which may contaminate
fish or shellfish products [23] requiring
testing to insure that histamine levels do
not exceed government guidelines for
food poisoning.

Hypothesis:
Neurochemical-producing
probiotics act as delivery
vehicles for neuroactive
compounds

Given the ability of probiotic micro-
organisms to produce neuroactive sub-
stances which have exactly the same
structure as their host counter parts I
therefore hypothesize that they act
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Table 1. Diversity of neurochemicals isolated from various microbial species (as from

review [25])

Genus Neurochemical

Lactobacillus, Bifidobacterium
Escherichia, Bacillus, Saccharomyces

Candida, Streptococcus, Escherichia, Enterococcus

Bacillus, Serratia
Lactobacillus

essentially as neuroactive compound
delivery vehicles affecting host physi-
ology through the provision of neuro-
chemicals. This hypothesis (Table 1)
provides a central mechanism for neuro-
chemicals recognized to exist in all three
systems involved in health and disease,
those being immunological, neurophy-
siological, and microbiological (Fig. 1).

Importantly, it is not the intent of
this hypothesis to obviate a role for
direct modulation of immune respon-
siveness by probiotics [24]. Indeed, this
microbial endocrinology-based hypoth-
esis proposes a mechanism by which
probiotic bacteria modulate immune
responsiveness. The demonstration that
probiotic production of neurochemicals
and possibly receptor-based recognition
of prokaryotic as well as eukaryotic-pro-
duced neurochemicals [17], provide a
shared mechanism affecting the neural
and immune compartments both intes-

GABA
Norepinephrine
Serotonin
Dopamine
Acetylcholine

tinally and extra-intestinally may there-
fore  provide new  mechanistic
information that will improve scientific
knowledge of how probiotics may func-
tion. Furthermore, by proposing that the
central mechanism linking receptor-
based mechanisms in immunological,
neurophysiological, and microbiologi-
cal components is that of probiotic pro-
duction of neuroactive substances, this
hypothesis provides not only a mecha-
nistic basis to understand the action of
probiotics but also a rationale for their
selection and design for the treatment of
various clinical conditions.

Testing the hypothesis

Bacteria have been well documented to
produce an extensive range of neuro-
chemicals (Table 1 and refs. [8, 25]) for
which receptor-based mechanisms of

PROBIOTIC

Neuroactive
Compound

Host
Neurophysiology/

Neurological
(e.g. behavior)

Host

Neuroimmunology
(e.g. inflammation)

Figure 1. Venn diagram illustrating probiotic-produced neuroactive compounds as common
elements influencing both neurophysiological/neurological and neuroimmunological host

aspects.
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action have been well studied in intes-
tinal and extra-intestinal host physi-
ology for decades. For example, the
production of GABA by probiotic bac-
teria occurs via the same biosynthetic
pathway as in neuronal tissue involving
conversion of glutamate by the action of
the enzyme r-glutamic acid decarboxy-
lase and vitamin co-factor pyridoxal
phosphate [26]. Thus, neurochemicals
such as GABA may be viewed as a com-
mon shared language enabling inter-
kingdom signaling between prokaryotes
(e.g. probiotic bacteria) and eukaryotes
(e.g. vertebrates).

This recognition of inter-kingdom
signaling provides a step-by-step mech-
anistic approach to test the validity of
the hypothesis that production of neuro-
chemicals by probiotics represents a
heretofore unrecognized mechanism
by which probiotics influence intestinal
and extra-intestinal host physiology
(Table 2). That a large and robust array
of different molecular techniques and
reagents exist and have been validated
for use in demonstrating the role of
neurochemicals produced by eukaryotic
cells on both neuronal and immune
physiology, allows for a methodological
approach that easily transitions to the
study of bacterial-produced neuro-
chemicals and their effect on eukaryotic
systems (Table 2). The emergence of
metabolomics-based measurement of
neurochemicals associated with the
gut microbiome [27] is but one example
of such an approach (Table 3).

A concern of many probiotic studies
has been that while the administration
of a given probiotic may be associated
with a change in a specific physiological
measure such as reduction in a specific
immune cytokine, the precise mechan-
ism demonstrating a cause and effect
relationship is often lacking. At best,
such studies are correlational and the
lack of a specific demonstrable mecha-
nistic pathway detracts from its appli-
cability to conditions that differ from
that of the initial study. In an effort to
address this aspect of experimental
design, I have proposed a step-by-step
experimental system to test the hypoth-
esis that administration of neurochemi-
cal producing probiotics can effect
changes in host physiology and as such
may provide a mechanistic platform for
the rational use and design of probiotics
(Table 2). Central to the experimental
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Table 2. Sequential design to evaluate ability of neurochemical-producing probiotics to influence disease pathobiology

Step Comments

Identify neurochemical of interest to be produced Physiological and/or behavioral measures should be readily quantifiable.

by probiotic based on desired physiological and/ Measures that are receptor-based with known antagonists readily available are

or behavioral effect in host. preferred as can subsequently be employed at in vivo steps involving animal
models.

Screen candidate probiotic in vitro for neuro-
chemical production using robust assay to
determine if neurochemical of interest as well as
other neurochemicals are produced.

An example of a metabolomics-based screen is given in Table 3. More than one
microbiological growth medium should be used. Preferably a medium that
reflects the gut environment should also be employed.
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Define kinetics (i.e. time dependent achievable
intra- and extra-cellular concentrations) of neu-
rochemical production.

Identify in vitro growth conditions which result in sustained levels of neuro-
chemical production throughout growth period.

Obtain non-producer mutant (either through in
vitro screening or site-directed mutagenesis
procedure).

A mutant that does not produce the neurochemical will provide critical control
for in vivo experiments.

Measure levels of neurochemical of interest in intestinal luminal fluid and
plasma. Determine time-dependent colonization of gut tissue using quantita-
tive PCR. Perform gross pathology and immunohistopathology of relevant
tissue and compare to control (vehicle only) animals.

Conduct time and dose-dependent per oral
administration of neurochemical-producing pro-
biotic in normal animals to determine ability of
probiotic to produce neurochemical in vivo.
Employ vehicle -only animals as control.

Perform per oral administration of probiotic in an
animal model which involves a neurochemical-
responsive element.

Animal models of specific disease pathology or behavior are suitable candi-
dates. Select dosage of neurochemical-secreting probiotic from prior step that
is found to result in high and sustainable levels of neurochemical within the gut.
If known receptor antagonists are available, give antagonist to block neuro-
chemical-responsive element of disease or behavioral process.

Perform control experiments utilizing per oral
administration of mutant (non-neurochemical-
secreting) probiotic.

Quantifiable changes in animal model that are obtained by administration of
neurochemical-secreting probiotic in above step should not be present (or at
lower levels) with mutant strain.

Table 3. Example of a metabolomics-
designed screen to evaluate candidate
probiotics for production of neuro-
chemicals that can influence host
physiology and/or behavior

Acetylcholine
Dihydroxyphenylacetic acid
L.-DOPA

Dopamine
Dopamine-4-O-sulfate
Epinephrine

GABA

Histamine

Norepinephrine
Norepinephrine-3-O-sulfate
Serotonin

Tyramine

approach shown in Table 2 is a sequen-
tial research plan that first seeks to elu-
cidate the in vitro parameters of
neurochemical production by the
specific probiotic. Critically, it should
not be assumed that the probiotic only

produces one type of neurochemical.
For example, probiotics belonging to
Lactobacilli and Bifidobacterium have
been shown to produce more than one
neurochemical (Table 1). A number of
factors may influence the in vitro pro-
duction by a probiotic of a given neuro-
chemical with the medium composition
being of particular importance. For any
given probiotic, a range of different
media are typically available to support
in vitro growth. More than one medium
should be examined as the variability in
material composition of each medium
may have a determining effect on the
production of a particular neurochemi-
cal especially if the substrate for that
neurochemical is not present in the
medium formulation.

GABA serves as a prototypical
example of a neurochemical that may
be selected for testing in the system
approach outlined in Table 2 as it
satisfies a number of the fundamental
requirements. First, it is a neurochemi-
cal which is produced in vitro in large
(micro- to millimolar) quantities by a
range of probiotic micro-organisms

notably Lactobacillus and Bifido-
bacterium (Table 1). The levels of
GABA that can be achieved in vitro by
probiotic organisms are quite large. For
example, in the production of fermented
foodstuffs, such as Japanese funa-sushi
and Chinese traditional paocai, which
employ lactobacilli as part of the man-
ufacturing processing, GABA levels in
the millimolar range have been demon-
strated in the final products [28-30].
Secondly, as the predominant inhibitory
neurotransmitter in the nervous system,
GABA also serves a receptor-mediated
role in a number of immunological
(i.e. down-regulation of cytokine release
by proinflammatory cells release [31]) as
well as intestinal neurophysiological
(i.e. secretion of neuropeptides by
intrinsic and extrinsic intestinal nerve
fibers [32, 33]) processes. As such
GABA-sensitive elements in the gut have
often been implicated in the patho-
physiology of intestinal diseases such
as implammatory bowel disease (IBD),
the potential use of a GABA-secreting
probiotic to ameliorate a specific path-
ophysiology condition such as IBD
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makes for an ideal system with which to
test the validity of the hypothesis. Thus,
production of GABA by probiotic bac-
teria could reduce inflammation in col-
itis via both neuroimmune and
neurophysiological mechanisms.

As indicated in Table 2, a mutant
probiotic that does not secrete the neuro-
chemical of interest provides for a
critical test of the hypothesis. The in
vitro identification of sets of high and
non-GABA producing probiotics could
be performed using standard growth
methodology combined with analysis
of GABA production in place of the more
involved generation of mutants by site-
directed mutagenesis. The feasibility of
finding high and non-GABA producing
isolates has already been reported for
L. brevis strains from Chinese traditional
paocai [30]. Once identified, candidate
probiotic strains would then be admin-
istered to both normal and inflammatory
bowel disease-model animals (i.e.
dextran sulfate-induced colitis [34]).
Changes in gut inflammation could be
followed by a combined approach
assessing markers of inflammation such
as tissue histology and production of
pro-inflammatory =~ mediators and
coupling such measurements with
assessment of GABA levels in the intes-
tinal tract [27] as well as enumeration of
numbers of probiotic bacteria in the
lumen and mucosal surface in order to
establish a direct cause and effect
relationship. Thus, following the step-
by-step methodology outlined in
Table 2 as applied to probiotic-produced
GABA and its potential amelioration of
gut inflammation would provide initial
demonstration of the viability of the pro-
posed hypothesis and would forge the
way forward for human clinical trials.

Indeed, the ability of various probi-
otic strains to produce GABA in high
concentrations has led to the introduc-
tion of GABA-related functional foods
such as a GABA-enriched bread [35],
although no specific use for such a prod-
uct was identified or suggested. The
clinical use of GABA produced by a pro-
biotic has been proposed as regards
dermatological applications. The pro-
duction of GABA in grape must bever-
ages by L. plantarum has recently been
shown to be effective in regulating
immune gene transcription in an in vitro
human epithelial skin model [36].
Interestingly, analysis of yogurts which

may be fortified with up to five different
probiotic strains has shown GABA levels
in the low millimolar range and sim-
ilarly probiotic-containing capsules
contain appreciable levels of GABA in
the micromolar range (Lyte, M.; unpub-
lished results).

The amount of a neurochemical,
such as GABA for example, found within,
or produced by, probiotics is most likely
sufficient to influence localized immune
and neurophysiological process in the
gut as both immune and neuronal cells
have been well documented to respond
to nanomolar concentrations of GABA
[31, 32, 37-39]. The delivery of neuro-
chemicals by probiotics may therefore
either be in the amount already con-
tained in the bacterium at time of inges-
tion or that which is actively produced
once inside the gastrointestinal tract.
Thus, in delivering a neuroactive chemi-
cal to a specific anatomical site in which
various cellular processes are influenced,
the presence of neurochemical contain-
ing/producing probiotic bacteria can be
viewed essentially as delivery vehicles
for neuroactive compounds.

Considerations in
hypothesis testing strategy

In addition to Table 2, microbial endocrin-
ology-based experimental design raises a
number of potential issues, both in vitro
and in vivo, that should be addressed
prior to the testing of the hypothesis.
These considerations mainly address fac-
tors which may govern the production
and delivery of a neurochemical by a
particular probiotic micro-organism.

The question of the degree of intes-
tinal colonization following ingestion of
the probiotic carries important physio-
logical consequences for the microbial
endocrinology-based theory of probiot-
ics acting in the capacity of delivery
vehicles for neuroactive compounds.
Given the relatively poor ability of pro-
biotic bacteria to successfully colonize
large segments of the intestine it is not
surprising that increasing the daily fre-
quency of probiotic ingestion increases
the purported beneficial effects on phys-
iological measures such as inflam-
mation as well as for psychological
measures such as anxiety-like behavior.
This is wholly consistent with the theory
of probiotics acting as delivery vehicles
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for neuroactive compounds since con-
tinued administration of a neurochemi-
cal that suppresses cytokine production
(i.e. GABA) would be expected to be
more efficacious if administered
multiple times over a defined time
period than at a single time point. As
such, the selection of probiotic strains
that combine successful colonization
with robust production of the desired
neurochemical should be viewed as
dual essential criteria in the design of
any in vivo application. The possibility
of establishing a neurochemical-secret-
ing probiotic within the intestinal
environment may offer substantial
therapeutic benefit over more conven-
tional drug dosing regimens since
actively growing probiotic organisms
within the gut would provide a contin-
ual supply of the neuroactive compound
that would presumably avoid the spikes
and valleys associated with per oral
administered pharmacotherapy.

Secondly, one of the aspects of pro-
biotic selection that is often overlooked
is the composition of foods that either
may be present at the time of probiotic
administration or are already present
within the gut. For example, given that
the production of GABA by probiotic
bacteria is dependent on the presence
of glutamate and pyridoxal phosphate
as substrate and enzyme co-factor,
respectively [26], any protocol that tests
the ability of a specific GABA-secreting
probiotic to influence a host physiologi-
cal or disease process should consider
the use of foods either containing or
fortified with sufficient levels of gluta-
mate and pyridoxal phosphate instead
of solely relying on basal (and
unknown) levels of these two com-
pounds required for GABA synthesis.
Thus, specific consideration should be
given to the composition of either the
food carrier that the probiotic is admin-
istered in, or the meal with which the
probiotic is consumed, that specific sub-
strates and co-factors necessary for the
probiotics to synthesize the neuro-
chemical of interest are provided along
with the probiotic itself.

Clinical implications

Testing of a microbial endocrinology-
based hypothesis of probiotic action will
allow not only the identification of a
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novel mechanism by which probiotics
function in the host, but also the mol-
ecular and cellular targets for probiotic-
produced neurochemical action. The
use of a trans-disciplinary framework
such as microbial endocrinology in
which a common neurochemical-based
mechanism involving microbiological,
immunological, and neurophysiological
components is being proposed implies
that candidate neurochemicals should
satisfy the dual criteria that bacterial
production of the candidate neuro-
chemical in question has been pre-
viously demonstrated in either culture
or a food product and that a eukaryotic
receptor for the neurochemical has also
been shown within the host.

Of consequence, this highly innova-
tive approach of selecting probiotics
based on their neurochemical pro-
duction profile will lead to the identifi-
cation of new probiotic strains that may
prove more efficacious since the mech-
anism of action can now be identified
and provide the rationale for the selec-
tion of new probiotic strains that are
clinically targeted in their use and appli-
cation. Indeed, validation of this hy-
pothesis in pre-clinical models will
enable targeted selection of potentially
highly effective probiotics for clinical
trials for patients with inflammatory
bowel diseases such as colitis.

Although the principal focus of this
hypothesis may understandingly be
directed toward its application within
the gastrointestinal tract, it should be
appreciated that extra-intestinal effects
of neurochemical-secreting probiotics
are also possible. The transport of
neurochemicals produced within the
gut by commensal as well as pathogenic
bacteria to extra-intestinal sites such as
the liver and brain has been shown in
both human and animal studies [27, 40, 41].
Active uptake of a large variety of sub-
stances including neurochemicals from
the gut lumen into the portal circulation
represents a pathway by which neuro-
chemicals produced within the gut may
exert extra-intestinal effects such as on
behavioral changes. Evidence that this
is indeed a viable pathway can be seen
in the recent metabolomics-based report
that in mice circulating plasma levels of
neurochemicals such as serotonin was
due to direct uptake from the gut
lumen [27]. Thus, consistent with the
hypothesis that probiotics acting as neu-

roactive compound delivery vehicles
may effect changes in the local gut
environment, it may be further pro-
posed that such neurochemical-secret-
ing probiotics may have extra-intestinal
effects at sites such as the brain that
may ultimately influence overt physio-
logical states such as behavior. In this
context, the recent report [4] that
administration of a probiotic mixture
containing probiotic strains that belong
to genera that typically contain pro-
ducers of neurochemicals such as
GABA (Table 1) resulted in a reduction
of anxiety-like behavior in both human
and animal subjects suggests that one
possible mechanism may have been
through the provision of a probiotic-
derived neurochemical that exerted its
effects within the central nervous sys-
tem. While the authors of this study did
not examine nor propose a microbial
endocrinology-based mechanism (i.e.
probiotic production of a neurochemi-
cal), it is nonetheless intriguing to
speculate that such a mechanism may
have played such a role.

This ability of probiotics to affect cen-
tral nervous system processes is perhaps
one of the most exciting recent develop-
ments in probiotic research as evidenced,
for example, by the findings of anxiolytic
activity of a Bifidobacterium-Lactobacillus
probiotic formulation in human volun-
teers and in rats [4]. While the pathways
and mechanisms, both neural and
immune, which are involved in the gut-
brain axis, have been the subject of inten-
sive study for decades, it is only more
recently that the role of the intestinal
microbiota in the gut-brain axis has begun
to be elucidated (for review see [42]).

Emerging research has shown that
variations in the composition of the
intestinal microbiota itself may in fact
play a determining role in psychological
states through alterations in nervous
system processes (for review see [43]).
Consistent with the sequential design
proposed in Table 2 for the evaluation
of neurochemical-producing probiotics
to influence disease pathobiology, this
model can also be modified for use in
evaluating the ability, and elucidating
the mechanisms, by which neurochemi-
cal-secreting probiotics may influence
nervous system function and thereby
behavior. For example, a human-based
trial of a neurochemical-producing pro-
biotic that is being evaluated for the
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ability to influence negative affective
states in IBD should include collection
of plasma, fecal, and urine components
to enable metabolomic screening prior
to, during, and following cessation of
probiotic administration. Levels of a
specific neurochemical, along with
markers of neuronal function, could
then be quantitatively measured (for
example utilizing a metabolomics-based
approach) and their relationship to the
performance of the subjects in appropri-
ate psychological testing for the specific
behavior could then be assessed thereby
enabling direct cause and effect
relationships to be rigorously evaluated.

As with the use of any drug-based
system, there may be unforeseen and
hence potentially undesired con-
sequences. This truism in conventional
drug-based therapy equally applies to
the proposed use of probiotics as neuro-
chemical delivery vehicles as clinical-
based knowledge concerning the admin-
istration of neurochemicals is incomplete
at best. Further, a robust screening
approach, such as the metabolomics
screen shown in Table 3, should be
employed to understand, as completely
as possible the spectrum of neurochemi-
cals that may be produced by any one
probiotic under a variety of growth con-
ditions. The finding of potentially harm-
ful neurochemicals, such as histamine,
would be sufficient to exclude that pro-
biotic from consideration. Although his-
tamine has not yet been reported for any
probiotic micro-organism, it reinforces
the need for neurochemical screening
to avoid potential clinical issues.

Concluding thoughts

This unifying microbial endocrinology-
based hypothesis, which may facilitate
the selection and design of probiotics for
clinical use based on the production and
delivery of neuroactive chemicals by
bacteria, also highlights the largely
unrecognized role of neuroscience in
understanding how microbes may influ-
ence health. The realization that
microbes produce a wide spectrum of
neuroactive compounds extending from
GABA to somatostatin [8, 25] suggests
that the consequences of such neuro-
active compound production, as well
as the mechanisms governing such
interactions, are yet to be discovered.
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The recent report describing the ability
of probiotics to alleviate psychological
distress in human volunteers and anxio-
lytic-like activity in rats [4] lends further
support to the increasing evidence that
the gut microbiota can influence nerv-
ous system function (for reviews see [42,
43]). As such, the elucidation of the
mechanism(s) by which probiotics can
influence nervous system function will
be critical in determining the utility and
appropriateness of probiotics in the
clinical arena. In proposing that probi-
otics act as neuroactive compound
delivery vehicles due to their production
of neurochemicals, this paper proposes
a novel, innovative interdisciplinary
microbial endocrinology-based hypoth-
esis that may further understand the
mechanism(s) by which probiotics
may function in the treatment of host
pathobiology as well as affect behavior.

While GABA has been employed as
an example to demonstrate the utility of
the microbial endocrinology-based hy-
pothesis, it is by no means limiting the
application only to micro-organisms
that are capable of producing GABA.
As shown in Table 1, the spectrum of
neurochemicals produced by micro-
organisms is quite large and varied.
Thus, one can envision the “mining”
of micro-organisms, especially those
deemed safe for human or animal con-
sumption, for neurochemical secreting
capacity. Micro-organisms identified
through screening processes, such as
metabolomics (Table 3), as capable of
secreting neurochemicals could then be
employed according to the hypothesis-
testing methodology shown in Table 2
and discussed above.

Critically, this microbial endocrin-
ology-based hypothesis thus provides
for a unifying model that can guide
the selection of probiotics based on a
matching of the specific probiotic organ-
ism’s capacity to produce a particular
neurochemical and the physiological or
behavioral condition that is responsive
to that neurochemical. In this way, pro-
biotic treatment could be tailored to
treat the pathology and/or symptomol-
ogy associated with specific disease or
psychological states.
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