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Psychobiotics are emerging microbiota-targeted interventions with potential relevance for mood,
stress resilience, anxiety, sleep, cognition, and neuroimmune regulation. Although initially viewed
mainly as probiotic strains acting through the microbiota—gut-brain axis, the concept is now
expanding toward food-associated systems integrating live microorganisms, fermented matrices,
prebiotic substrates, postbiotic fractions, and neuroactive metabolites. This review examines
psychobiotic foods as integrated strain—matrix—-metabolite-host systems, emphasizing fermentation
as both a source of candidate microorganisms and a biotechnological process generating gut-brain-
relevant bioactives. Fermented dairy products, kefir, sourdough, cereals, legumes, vegetables, fruits,

tea, cocoa, coffee, and plant-based products may provide strains and metabolites such as y-
aminobutyric acid, short-chain fatty acids, tryptophan derivatives, bioactive peptides,
exopolysaccharides, organic acids, vitamins, and phenolic metabolites. These compounds may
influence gut-brain communication through microbial ecology, vagal signaling, HPA-axis regulation,
immune modulation, intestinal and blood-brain barrier integrity, oxidative-stress control, and
enteroendocrine pathways. However, evidence remains heterogeneous, with stronger support for
depressive symptoms than for anxiety, sleep, cognition, or other psychiatric outcomes. Future
development requires strain authentication, genome-based safety screening, controlled
fermentation, metabolomics, simulated digestion, undesirable metabolite monitoring, and well-
powered human trials linking food composition to validated mental-health-related endpoints.

Mental health is increasingly understood as a systemic condition shaped not
only by neurochemical imbalance, but also by diet, gut microbial ecology,
intestinal barrier function, immune tone, microbial metabolism, and neu-
roendocrine signaling. The microbiota—gut-brain axis links intestinal
microorganisms to brain function through vagal communication,
hypothalamic-pituitary-adrenal (HPA) axis regulation, inflammation,
short-chain fatty acids (SCFAs), tryptophan metabolism, gut permeability,
and blood-brain barrier modulation'”. Psychobiotic effects should not be
attributed solely to microbial taxonomy because outcomes also depend on

strain identity, matrix composition, processing, metabolite production,
gastrointestinal survival, and host-specific microbiome configuration.
Terminological precision is essential because probiotic, psychobiotic,
prebiotic, synbiotic, postbiotic, paraprobiotic, and fermented food are
related but non-equivalent concepts. Probiotics are live microorganisms
that confer a health benefit when administered in adequate amounts’.
Psychobiotics were initially defined as live microorganisms conferring
mental-health-related benefits, although some authors have extended the
term to other microbiota-directed interventions'. Prebiotics are substrates
selectively utilized by host microorganisms to confer a health benefit’,
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whereas synbiotics are mixtures of live microorganisms and selectively
utilized substrates that confer a health benefit’. Postbiotics are preparations
of inanimate microorganisms and/or their components with demonstrated
health benefits’, while paraprobiotics generally denote non-viable microbial
cells or cell fractions with potential activity’. Fermented foods result from
desired microbial growth and enzymatic conversion of food components
but are not automatically probiotic or psychobiotic products’. Here, a
“psychobiotic food system” denotes a food-based intervention supported by
product-specific mechanistic evidence and, where a health benefit is
claimed, appropriate human clinical evidence.

Fermented foods represent a relevant reservoir for isolating candidate
psychobiotic strains because fermentation functions as both a microbial
selection process and a neuroactive metabolite-biomanufacturing system.
Fermentation selects microorganisms with stress tolerance, metabolic
plasticity, and technological persistence'®'". Bentahar et al."”, for example,
identified Lactobacillus strains with promising probiotic properties from
Dhan, a traditional Algerian goat-milk butter, although such in vitro
characteristics do not establish psychobiotic functionality. Acid and bile
tolerance, adhesion, antimicrobial activity, and storage stability are pre-
liminary screening attributes requiring genome-based safety assessment,
mechanistic validation, and appropriate human studies.

Beyond microbial delivery, fermentation can transform raw food
substrates into biologically active matrices enriched in y-aminobutyric acid
(GABA), organic acids, tryptophan-derived indoles, bioactive peptides,
exopolysaccharides, B-group vitamins, transformed phenolics, microbial
enzymes, and inanimate-cell components'>"*. These constituents may
influence inflammatory, barrier, enteroendocrine, oxidative, and microbial
metabolic pathways. Nevertheless, detecting a neuroactive compound does
not establish physiological relevance; concentration, digestive stability,
bioaccessibility, biologically relevant exposure, and host-response bio-
markers must also be considered. SCFA-related claims require caution, as
acetate, propionate, and butyrate are often generated after ingestion through
colonic fermentation rather than delivered directly at functionally relevant
concentrations by the product®’.

Despite growing interest, the translational value of psychobiotics
remains constrained by heterogeneity and incomplete characterization. A
high-fermented-food diet increased gut-microbial diversity and reduced
inflammatory markers in healthy adults, although mental-health outcomes
were not primary endpoints'®. A prebiotic- and fermented-food-rich diet
reduced perceived stress within the intervention group, but the between-
group difference was not significant and microbiome changes were
limited"”. At the strain level, Bifidobacterium breve CCFM1025 was asso-
ciated with improved depressive symptoms and altered microbial trypto-
phan metabolism in major depressive disorder'’, whereas Lacticaseibacillus
rhamnosus JB-1 did not significantly improve stress, mood, sleep, or cog-
nition in healthy adults”. These findings show that responses are strain-,
formulation-, population-, and endpoint-specific. Psychological improve-
ment alone does not establish microbiota-mediated causality; stronger
evidence requires alignment among product composition, microbiome
function, metabolite profiles, mechanistic biomarkers, and clinically
meaningful outcomes. Psychobiotics should therefore be positioned as
potential adjunctive strategies rather than replacements for established
psychiatric treatments.

Recent reviews have addressed conceptual and precision-oriented
psychobiotic frameworks'?, strain survival in fermented foods'’, fermented-
food mechanisms”, clinical interventions”, neuroactive-metabolite
quantification’’, product standardization”, and postbiotic and para-
probiotic applications’. However, a major limitation remains the insufficient
integration of microbial screening, matrix and fermentation chemistry,
gastrointestinal functionality, metabolite profiling, safety assessment,
mechanistic biomarkers, and clinical validation within a single food-
development pathway. Accordingly, this review proposes a
strain-matrix—-process—metabolite-host framework linking food bio-
chemistry and fermentation science with microbiome function and human
outcomes. It aims to distinguish validated psychobiotic food systems from

conventional fermented or probiotic-containing products and define the
evidence required for responsible development.

Concepts and food-relevant classification of
psychobiotics

From probiotics to psychobiotics

Psychobiotics should be considered a specialized class of microbiota-
targeted interventions rather than a synonym for probiotics. A probiotic
strain may improve intestinal, immune, or metabolic health without
necessarily exerting measurable effects on mood, stress, cognition, sleep, or
neuroimmune regulation. By contrast, psychobiotic classification requires
evidence of a mental-health-relevant effect mediated, at least partly, through
the microbiota-gut-brain axis. Recent reviews describe psychobiotics as
microorganisms or microbiota-directed interventions capable of influen-
cing brain-related functions through neural, immune, endocrine, barrier-
related, and metabolic pathways'.

This distinction is essential because psychobiotic activity is not a
generic species-level property. The same microbial species may contain
strains with different capacities for acid and bile tolerance, adhesion,
neurotransmitter-related metabolism, anti-inflammatory signaling, epi-
thelial barrier protection, and metabolite production. However, technolo-
gical characteristics such as gastrointestinal tolerance, processing stability,
and food-matrix compatibility determine delivery feasibility but do not
independently demonstrate psychobiotic efficacy. Therefore, psychobiotic
classification must be based on strain-level evidence, functional phenotype,
safety profile, food-matrix compatibility, and host response, rather than on
the simple presence of genera such as Lactobacillus, Lacticaseibacillus,
Lactiplantibacillus, Bifidobacterium, or Pediococcus™".

Recent work has also expanded the concept from “psychobiotic
strains” to psychobiotic systems. In food applications, this broader opera-
tional concept recognizes that the overall response may involve viable
microorganisms, inanimate microbial preparations, selectively utilized
substrates, and fermentation-derived compounds acting within a specific
matrix. This is particularly relevant for fermented foods, where live
microorganisms, peptides, organic acids, phenolic derivatives, exopoly-
saccharides, and matrix-derived bioactives coexist and may act through
complementary mechanisms*"”. Nevertheless, their presence alone is
insufficient to justify a psychobiotic claim without product-specific
mechanistic or appropriate human evidence.

Psychobiotics, prebiotics, synbiotics, postbiotics, and
paraprobiotics
A rigorous classification is necessary because the literature often uses the
terms probiotic, psychobiotic, prebiotic, synbiotic, postbiotic, paraprobiotic,
and fermented food interchangeably (Table 1). In a food-relevant context,
live microorganisms should be classified as psychobiotics only when strain-
specific evidence supports a gut-brain-related health effect. Prebiotics are
selectively utilized substrates that confer a health benefit, whereas synbiotics
are mixtures comprising live microorganisms and substrates selectively
utilized by host microorganisms". Prebiotic or synbiotic formulations may
therefore have psychobiotic potential when their effects are linked to
emotional, cognitive, stress-related, or neuroimmune outcomes, but these
terms should not be treated as automatically equivalent to psychobiotics.
The synbiotic concept is particularly important for product develop-
ment because the food matrix can be engineered to support both microbial
viability and functional metabolite output. For example,a GABA-producing
lactic acid bacterium may require sufficient glutamate availability, con-
trolled pH, and appropriate fermentation time to maximize glutamate
decarboxylase activity. Similarly, fiber-rich cereal, legume, fruit, or vegetable
matrices may support short-chain fatty acid production after colonic fer-
mentation, while polyphenol-rich matrices may generate microbial phe-
nolic metabolites with antioxidant and anti-inflammatory relevance".
Postbiotics and paraprobiotics are also important for psychobiotic food
design, especially when live-cell stability is difficult to guarantee. Postbiotics
are preparations of inanimate microorganisms and/or their components
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that confer a demonstrated health benefit’. Paraprobiotics generally refer to
non-viable microbial cells or cell fractions with potential biological activity,
although no universally harmonized definition has yet been adopted®. These
approaches are technologically attractive because they may offer improved
stability during heat processing, oxygen exposure, acidic storage, and long
shelf life.

Fermented foods as natural psychobiotic platforms

Fermented foods occupy a distinct position because they are not auto-
matically probiotics, prebiotics, synbiotics, or postbiotics, but they may
contain elements of these categories. A fermented food may deliver live
microorganisms, microbial enzymes, non-viable cells, bioactive peptides,
organic acids, vitamins, and transformed phytochemicals. Caffrey et al.”
therefore recommended evaluating fermented foods according to their
microbial and metabolite composition, safety, serving size, health relevance,
and regulatory status.

From a psychobiotic perspective, fermented foods combine microbial
diversity with biochemical complexity. Dairy products, kefir, cheese, sour-
dough, fermented cereals, legumes, vegetables, kombucha, cocoa, coffee,
and other plant-based products may provide candidate strains and generate
y-aminobutyric acid (GABA), tryptophan-derived indoles, bioactive pep-
tides, exopolysaccharides, B-group vitamins, and phenolic metabolites.
These components may influence gut-brain communication through
immune modulation, epithelial-barrier support, enteroendocrine signaling,
microbial cross-feeding, and neuroactive metabolism'**. However, short-
chain fatty acids are generally produced after ingestion through colonic
fermentation rather than delivered directly at physiologically relevant
concentrations. Primary studies illustrate different levels of evidence. Liu
et al** isolated a GABA-producing Levilactobacillus brevis strain from
kimchi, while Bentahar et al."” identified food-adapted Lactobacillus strains
with probiotic properties in traditional Dhan butter. In humans, a high-
fermented-food diet increased microbial diversity and reduced inflamma-
tory markers, although mental-health outcomes were not primary

endpoints'®.

Criteria required to classify a food-derived strain or product as
psychobiotic

A food-derived microorganism should be classified as psychobiotic only
after passing a multi-level validation framework. The first level is taxonomic
and genomic authentication. Strain identity should be established primarily
by whole-genome sequencing (WGS), supported where appropriate by 16S
rRNA sequencing, matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF MS), or strain-specific quantitative
polymerase chain reaction (QPCR). However, 16S rRNA sequencing or
MALDI-TOF MS alone should not be considered sufficient for strain-level
authentication. The strain code, genome accession, identification workflow,
and traceable biological deposit should be reported™. This step is essential
because psychobiotic effects are strain-dependent, and inaccurate identifi-
cation can compromise reproducibility, safety assessment, and regulatory
credibility.

The second level is safety qualification. Candidate strains should be
screened for hemolytic activity, transferable antimicrobial resistance genes,
virulence determinants, toxin production, mucin degradation, harmful
enzymatic traits, excessive D-lactate production, and biogenic amine for-
mation. A candidate should pass this level only when no clinically relevant
transferable resistance, virulence, or toxigenic determinant is detected and
any intrinsic resistance is experimentally characterized as non-transferable.
Traditional use or qualified taxonomic status should support, but not
replace, strain-specific safety assessment™.

The third level is functional gut-brain relevance. A candidate psy-
chobiotic should show at least one mechanistically plausible activity, such as
y-aminobutyric acid production, short-chain-fatty-acid modulation,
tryptophan-kynurenine pathway interaction, indole production, anti-
inflammatory signaling, epithelial-barrier protection, or stress-response
modulation. The selected activity must be quantified using a validated

analytical method, appropriate positive and negative controls,
dose-response testing, and reproducible independent preparations.
Detection of a neuroactive compound alone is insufficient. Because no
universally accepted effective GABA, short-chain-fatty-acid, or indole
concentration exists, the product must deliver an exposure that matches the
dose associated with the reported mechanistic or biological effect’.

The fourth level is technological suitability. A psychobiotic strain
intended for food application must survive fermentation, processing,
packaging, storage, and simulated gastrointestinal digestion or, in the case of
an inactivated product, retain reproducible biological activity after proces-
sing. Viable-cell counts should be reported at manufacture and at the end of
shelf life. Rather than applying a generic colony-forming-unit threshold, the
minimum acceptable count per serving should equal or exceed the dose used
in the supporting efficacy study. Product specifications should also define
serving size, matrix composition, pH, water activity, storage conditions,
batch variability, and metabolite retention. For postbiotic or paraprobiotic
preparations, inactivation must be confirmed and the composition and
biological activity of the final preparation standardized’.

The fifth and strongest level is biological and clinical validation. Pre-
clinical studies should include justified sample sizes, randomization,
blinding, appropriate controls, dose-response assessment, and reporting
consistent with ARRIVE 2.0°. Human studies should be preregistered,
adequately powered through an a priori sample-size calculation, and pre-
ferably randomized and placebo-controlled. They should specify one vali-
dated primary psychological or cognitive endpoint, characterize the
administered product and dose, assess adherence and adverse events, and
include microbiome, metabolomic, immune, barrier, neuroendocrine, sleep,
or cognitive measures where mechanistically relevant. No single sample size
is appropriate for all psychobiotic trials; the required number must be cal-
culated from the prespecified primary outcome, expected effect size,
variability, power, and anticipated attrition””. Accordingly, strains or pro-
ducts satisfying Levels 1-4 should be described as candidate psychobiotics or
products with psychobiotic potential. An unqualified psychobiotic food
claim should be reserved for a fully characterized product that also
demonstrates reproducible, product-specific benefit in an appropriately
designed human study.

Fermentation as a source and selective platform for
psychobiotic isolation

Fermented foods as ecological reservoirs of psychobiotic
candidates

Fermented foods represent highly relevant reservoirs for discovering can-
didate psychobiotic microorganisms because they contain diverse food-
adapted communities with long-term associations with edible matrices.
Fermented dairy products, kefir, sourdough, fermented cereals, legumes,
vegetables, cocoa, coffee, kombucha, and traditional fermented foods may
therefore provide strains with acidification capacity, enzymatic plasticity,
and survival during processing and storage'*"".

Their value at this stage is primarily ecological and bioprospecting-
related: fermented foods provide candidate isolates but not automatically
validated psychobiotics. Landis et al.** characterized the bacterial and fungal
communities of 500 sourdough starters and demonstrated substantial
taxonomic diversity, microbial interactions, and associations with
fermentation-related functional properties. Bentahar et al."” similarly iso-
lated Lactobacillus strains with probiotic and technological properties from
Dhan, a traditional Algerian goat-milk butter. These studies demonstrate
the potential of fermented foods as reservoirs of matrix-adapted micro-
organisms, although strain safety, gut-brain-related mechanisms, and
appropriate human evidence remain necessary before psychobiotic
classification.

Fermentation as a microbial selection pressure

Fermentation should be considered a selective ecological process, not merely
a preservation method. During fermentation, pH decline, organic acid
accumulation, salt concentration, oxygen limitation, reduced water activity,
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bacteriocin production, nutrient competition, and storage temperature
progressively reshape the microbial community. These pressures can enrich
microorganisms capable of tolerating stress and maintaining metabolic
activity under adverse conditions. However, fermentation-associated fitness
should not be equated with psychobiotic functionality. Acid tolerance,
technological stability, and gastrointestinal survival support strain delivery
but do not independently demonstrate a gut-brain-related health effect.
Such candidates must additionally satisfy strain-level safety, mechanistic,
and biological validation criteria. This selection effect is strongly matrix-
dependent. Dairy matrices favor lactose utilization, proteolysis, peptide
release, and buffering tolerance, whereas cereal and legume fermentations
select microorganisms adapted to complex carbohydrates, fibers, phenolic
compounds, antinutritional factors, and plant proteins. Vegetable fermen-
tations often select acid- and salt-tolerant lactic acid bacteria, while kom-
bucha fermentations involve interactions among yeasts, acetic acid bacteria,
and lactic acid bacteria.

In sourdough, microbial community composition and interspecies
interactions were associated with differences in aroma and dough-rise
performance®. In kombucha, Liao et al.*’ demonstrated temporal
microbial succession accompanied by coordinated changes in the
metabolite profile during back-slopping fermentation. These findings
show that fermentation stage and process conditions influence both the
microorganisms recovered and their functional phenotypes. Therefore,
psychobiotic isolation should not aim only to recover “beneficial LAB”,
but to identify matrix-adapted strains with stable technological perfor-
mance and measurable gut-brain-relevant functions. Isolation studies
should report the source matrix, fermentation stage, pH, temperature,
salt or substrate concentration, oxygen conditions, storage history, and
isolation procedure. Preserving this ecological and processing context is
essential for reproducing the strain phenotype and distinguishing tech-
nological adaptation from genuine psychobiotic potential.

Isolation workflow for food-derived psychobiotic strains

A robust isolation pipeline should begin with fermented foods representing
microbial diversity, traditional relevance, and technological potential.
Samples may include fermented milk, kefir grains, cheese, sourdough, fer-
mented cereals, legumes, vegetables, fruit fermentations, kombucha, cocoa
fermentations, and regional fermented foods. Sampling should cover
independent production batches and, where relevant, different fermenta-
tion stages to capture temporal and ecological variability. Culture-
independent microbial profiling may also guide the choice of selective
media, atmosphere, temperature, and incubation time, thereby reducing
culture-dependent recovery bias'.

Classical isolation on selective media, followed by purification, Gram
staining, catalase testing, acidification assessment, and isolate preservation,
remains useful. After preliminary phenotyping, isolates should be derepli-
cated, cryopreserved, assigned traceable strain codes, and authenticated.
Although 16S rRNA sequencing and matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry can support preliminary
identification, whole-genome sequencing is preferred for final strain-level
assignment and genome-based safety assessment. Detailed safety,
mechanistic, technological, and clinical criteria should then be evaluated
through the validation framework described in Section “Criteria required to
classify a food-derived strain or product as psychobiotic“ rather than
repeated here’. Original studies illustrate this staged approach. Bentahar
et al."” isolated and characterized food-adapted Lactobacillus strains from
traditional Dhan butter, whereas Devi et al.”’ screened isolates from indi-
genous fermented foods for y-aminobutyric acid (GABA) production. Such
screening identifies promising candidates but does not alone establish
psychobiotic efficacy.

Impact of fermentation substrate on psychobiotic traits

The fermentation substrate is not a passive carrier; it actively determines
microbial metabolism, survival, and metabolite output. Milk provides lac-
tose, caseins, whey proteins, minerals, and buffering capacity, which can

support acidification, proteolysis, peptide release, and the survival of lactic
acid bacteria. Cereals and sourdough provide starch, resistant starch, ara-
binoxylans, f-glucans, phenolic acids, and fermentable carbohydrates, while
legumes provide proteins, fibers, glutamate, phenolics, and antinutritional
compounds that can be transformed during fermentation into more
digestible and bioactive matrices”. Dietary fibers and fermented foods
nevertheless act through partly distinct routes. Fibers primarily resist upper-
gastrointestinal digestion and serve as substrates for colonic microorgan-
isms; their effects depend on fiber structure, dose, microbial fermentation
capacity, and host microbiome composition. Fermented foods may instead
deliver live or inactivated microorganisms, microbial enzymes, organic
acids, peptides, vitamins, and food components already transformed before
ingestion. Plant-based fermented foods may combine both mechanisms
because they contain residual fermentable fibers together with
fermentation-derived microorganisms and metabolites'.

This distinction is supported by the controlled dietary intervention of
Wastyk et al.": high fermented-food intake increased microbiota diversity
and reduced several inflammatory markers, whereas high fiber intake
increased microbiome-encoded carbohydrate-degrading capacity without
producing the same diversity response. These findings should not be gen-
eralized to all foods, but they demonstrate that fiber enrichment and fer-
mentation are not biologically interchangeable. Substrate dependence also
influences functional phenotype. A GABA-producing strain may require
glutamate-rich substrates and appropriate acidic conditions to activate the
glutamate decarboxylase pathway, whereas SCFA-related effects require
fermentable substrates and cooperation with the recipient’s colonic
microbiota. Phenolic-rich matrices may similarly favor microbial trans-
formation of complex polyphenols into smaller and potentially more
bioaccessible metabolites. Psychobiotic foods should therefore be validated
as product-specific strain-substrate-metabolite systems rather than as
isolated strains added to an interchangeable carrier.

Fermentation parameters controlling neuroactive metabolite
production

Fermentation parameters strongly regulate the production of gut-brain-
relevant metabolites. Temperature, fermentation time, pH, oxygen avail-
ability, inoculum size, starter composition, salt concentration, carbon-to-
nitrogen ratio, substrate structure, glutamate availability, and storage con-
ditions can shift both microbial growth and metabolite profiles. For GABA
production, several lactic acid bacteria convert glutamate into GABA under
acidic conditions through the glutamate decarboxylase pathway. The
optimum pH, temperature, precursor concentration, and fermentation
duration are strain- and matrix-specific and should therefore be experi-
mentally established rather than assumed from species identity'*. Primary
studies demonstrate the importance of process optimization. Devi et al.”
used response-surface methodology to optimize GABA production by
fermented-food-derived strains, while Uriho et al.”' showed that strain
selection and co-culture fermentation modified GABA enrichment, enzyme
activity, and the functional properties of a Cili-fruit substrate. Co-cultures
may enhance precursor release, acidification, proteolysis, phenolic trans-
formation, exopolysaccharide formation, and GABA synthesis through
cross-feeding. However, they may also suppress the target strain, alter
sensory quality, or increase undesirable metabolite production.

Process acceptance criteria should therefore be defined before opti-
mization and include the target strain count per serving at the end of shelf
life, pH trajectory, product-borne metabolite yield, sensory acceptability,
metabolite retention during storage, and batch-to-batch reproducibility.
SCFAs should be quantified as direct product constituents only when they
are demonstrably present; otherwise, SCFA-production potential should be
assessed using validated colonic-fermentation models. The safety dimen-
sion is essential because conditions that enhance desirable metabolites may
also promote undesirable compounds. Histamine, tyramine, putrescine,
and cadaverine can accumulate through microbial amino acid decarbox-
ylation. Their control requires characterization of starter cultures, raw-
material quality, hygiene, temperature, pH, salt concentration, and storage.
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Pawul-Gruba et al.”” demonstrated the occurrence of biogenic amines and
their association with bacterial content in retail ripened cheeses, while Javaid
et al.” highlighted the distribution of biogenic-amine-synthesis genes
among food-associated lactic acid bacteria. Psychobiotic fermentation must
therefore optimize benefit and safety simultaneously rather than max-
imizing a single target metabolite.

Fermented foods versus isolated psychobiotic strains

A major distinction should be made between fermented foods as complex
microbial ecosystems and isolated psychobiotic strains as standardized
biological agents. Whole fermented foods may act through microorganisms,
microbial structures, enzymes, peptides, organic acids, exopolysaccharides,
vitamins, phenolic metabolites, fibers, and matrix-derived compounds. This
complexity may generate complementary effects but complicates dose
standardization, causal interpretation, batch reproducibility, and regulatory
claims. Isolated strains allow clearer taxonomic identification, viable-count
control, safety screening, and clinical testing, but may not reproduce the
biochemical context of the original fermented matrix. Neither approach is
inherently superior. Isolated strains are more suitable for attributing effects
to a defined biological agent, whereas whole fermented foods are more
appropriate for testing integrated matrix-level responses. In both cases, the
final formulationshould constitute the unit of technological, mechanistic,
and clinical validation. The strongest strategy is therefore to integrate both
approaches. Fermented foods should be used as discovery ecosystems for
food-adapted microorganisms and functional metabolites, while selected
isolates should be evaluated in defined matrices under controlled fermen-
tation, storage, digestion, safety, and human-intervention conditions. Fig-
ure 1 summarizes this progression from ecological discovery to strain
authentication, product development, mechanistic testing, and product-
specific human validation.

Microbiota—gut-brain axis mechanisms linking psy-
chobiotic foods to mental health

Functional microbial ecology rather than simple taxonomic
modulation

The microbiota-gut-brain axis is a bidirectional communication network
linking intestinal microorganisms, epithelial cells, immune mediators,
enteroendocrine signaling, the enteric nervous system, the vagus nerve,
systemic metabolism, and the central nervous system. Psychobiotic foods
may influence this network by modifying microbial community structure,
but their most relevant effect is probably functional rather than purely
taxonomic. Changes in short-chain fatty acids, tryptophan metabolites,
GABA-related pathways, bile acid transformation, epithelial barrier func-
tion, and inflammatory tone are more informative than increases in broadly
defined “beneficial bacteria™*.

This distinction is important because taxonomically different com-
munities may perform similar metabolic functions, whereas apparently
similar communities may differ in functional genes and metabolite pro-
duction. Wastyk etal.'’, for example, showed that fermented-food and high-
fiber diets produced distinct microbial and immune responses. Psychobiotic
efficacy should therefore be evaluated by integrating microbiome, meta-
bolome, host biomarkers, and validated psychological outcomes rather than
relying on genus-level changes alone’.

Neural signaling: vagus nerve, enteric nervous system, and
enteroendocrine interfaces
The neural pathway is one of the fastest routes by which intestinal signals
can influence brain function. The vagus nerve connects the gastrointestinal
tract with brain regions involved in stress regulation, emotional processing,
autonomic balance, and interoception. However, food-derived psychobiotic
effects on vagal signaling should be interpreted cautiously because direct
human evidence remains limited"”.

Psychobiotic foods may affect vagal communication indirectly by
modifying enteroendocrine hormone release, epithelial signaling, mucosal
immunity, and microbial metabolite availability. Fermentation-derived

organic acids, SCFAs, bioactive peptides, GABA-associated compounds,
and tryptophan derivatives may interact with epithelial cells, immune cells,
enteroendocrine cells, and enteric neurons'*”. The presence of a neuroac-
tive compound does not, however, demonstrate direct central nervous
system activity. Food-derived, intestinal, circulating, and central GABA
represent different biological exposures. Neural claims should therefore be
supported by physiological endpoints such as autonomic markers, gut-
hormone responses, stress reactivity, or mechanistic animal evidence Fig. 2.

Endocrine regulation: HPA axis and stress biology
The hypothalamic-pituitary—adrenal axis is a central endocrine pathway
connecting psychological stress, intestinal physiology, immune activation,
and microbial ecology. Stress can alter gut motility, mucus secretion,
intestinal permeability, immune responses, microbial composition, and
metabolite production, while microbial signals may influence cortisol
release through immune, neural, and metabolic pathways®*.
Psychobiotic foods may support stress regulation by improving barrier
integrity, reducing low-grade inflammation, and modifying microbial
metabolites. However, HPA-axis modulation should not be inferred from
mood or perceived-stress scores alone. Relevant studies should combine
validated psychological scales with repeated cortisol measurements,
inflammatory markers, microbiome profiles, and metabolomic data.
Berding et al."” reported reduced perceived stress following a psychobiotic
dietary intervention, but biological stress markers showed less consistent
changes. Psychological improvement and endocrine mediation should
therefore be reported separately unless a linked pathway is demonstrated.

Immune modulation, cytokines, and neuroinflammatory
signaling

The immune system is an important communication channel between the
gut microbiota and the brain. Gut dysbiosis, impaired epithelial integrity,
and microbial-product translocation may promote systemic low-grade
inflammation, influencing neurotransmission, stress sensitivity, neuroin-
flammation, and affective behavior’**.

Psychobiotic foods may counteract these processes by supporting
barrier function, increasing anti-inflammatory metabolites, and regulating
innate and adaptive immune responses. Wastyk et al.'® reported that
increased fermented-food intake was associated with greater microbial
diversity and reductions in several inflammatory proteins. However,
because psychological outcomes were not primary endpoints, this study
supports a diet-microbiome-immune pathway rather than a proven
mental-health mechanism. Inflammatory biomarkers may include IL-6,
TNEF-a, IL-1p, IL-10, C-reactive protein, lipopolysaccharide-binding pro-
tein, and markers of epithelial injury. The biomarker panel should be
selected according to a prespecified mechanistic hypothesis, and simulta-
neous changes in cytokines and psychological scores should not be inter-
preted as causality without temporal or mediation analysis.

Microbial metabolites as biochemical mediators

Microbial metabolites are central mediators of gut-brain communication.
SCFAs, mainly acetate, propionate, and butyrate, are produced through
microbial fermentation of dietary fibers and resistant starch. They may
support epithelial integrity, immune regulation, enteroendocrine signaling,
and microbial cross-feeding***. SCFAs contained in food, produced during
colonic fermentation, measured in feces, and detected systemically are not
equivalent. SCFA-related claims should therefore specify the biological
compartment and source of production.

Tryptophan can enter serotonin, kynurenine, and microbial indole
pathways. Psychobiotic foods may affect these routes by modifying
microbial metabolism, inflammatory activation of indoleamine 2,3-dioxy-
genase, and substrate availability’>”. Stronger profiling should include
tryptophan, kynurenine, the kynurenine-to-tryptophan ratio, kynurenic
acid, quinolinic acid, and relevant indole derivatives.

GABA-producing lactic acid bacteria are also relevant, but periph-
eral, microbial, and central GABA are not automatically equivalent.
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Fig. 1 | Fermentation-driven pipeline for psychobiotic discovery and validation.

GABA quantification should therefore be combined with serving-size
exposure, storage stability, digestion, bioaccessibility, and host-response
biomarkers'. Other fermentation-derived compounds, including pep-
tides, exopolysaccharides, phenolic metabolites, and bile acid derivatives,
may influence immune, oxidative, barrier, or enteroendocrine pathways.
Their relevance must be demonstrated at physiologically meaningful
concentrations rather than inferred from their detection in the food.

Intestinal barrier and blood-brain barrier integrity

The intestinal barrier is a critical control point because epithelial dis-
ruption can increase exposure to microbial products and amplify sys-
temic inflammation. Tight-junction proteins, mucus integrity, epithelial
oxidative stress, and permeability markers are therefore relevant
endpoints"”. Psychobiotic strains and fermentation-derived metabolites
may support barrier function through SCFA production, mucin regula-
tion, anti-inflammatory signaling, and oxidative-stress reduction. Barrier
restoration should not be inferred from one marker alone. Functional
permeability tests should be combined with indicators such as intestinal
fatty-acid-binding protein, lipopolysaccharide-binding protein, transe-
pithelial electrical resistance, and tight-junction localization.

The blood-brain barrier represents a second interface through which
systemic inflammation and microbial metabolites may influence the brain.
However, evidence is substantially stronger in cellular and animal models
than in human food interventions™*. Human studies should therefore
describe blood-brain-barrier involvement as a plausible mechanism unless
supported by validated neurological, endothelial, imaging, or permeability-
related measurements.

Post-ingestion food-matrix effects on gut-brain mechanisms

Section “impact of fermentation substrate on psychobiotic traits” explains
how substrate composition influences fermentation and metabolite pro-
duction. In contrast, this section focuses on the effects of the final food

matrix after ingestion. Food matrix composition can influence microbial
protection, gastric buffering, digestive-enzyme access, metabolite release,
intestinal absorption, and delivery of fermentable substrates to the colon.
Dairy proteins and lipids may protect microorganisms during gastric pas-
sage, while cereal and legume structures may regulate the accessibility of
starch, proteins, fibers, and phenolic compounds. Processing, storage,
heating, encapsulation, and food structure can further modify cell survival
and metabolite bioaccessibility.

Consequently, the same strain delivered in a capsule, dairy product,
sourdough, or plant-based beverage should not be assumed to produce
equivalent exposure or biological effects. Validation should use the final
formulation, serving size, processing history, and storage conditions.
Matrix-matched controls may include an unfermented product, a strain-
free fermented matrix, an inactivated-cell product, or the same strain in
another carrier. Such comparisons help separate effects attributable to the
microorganism, fermentation process, substrate, and their interaction
(Table 2).

Host-specific response, medication interactions, and mechan-
istic validation
Interindividual variability remains one of the main reasons for inconsistent
psychobiotic outcomes. Baseline microbiota, habitual diet, fiber intake,
stress, medication exposure, sex, age, immune status, sleep, and metabolic
health may all influence response”. Baseline microbial functions determine
whether substrates can be degraded, whether cross-feeding occurs, and
which metabolites are produced. Wastyk et al.'® showed that baseline
microbial diversity was associated with different immune responses to
increased fiber intake, demonstrating that the initial microbiome can
modify dietary response.

Age and sex may influence psychobiotic effects through gastro-
intestinal physiology, sex hormones, immune tone, epithelial integrity,
microbial metabolism, and medication patterns. These variables should be
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Fig. 2 | Integrated signal-flow model linking psychobiotic food inputs to microbiota-gut-brain communication pathways and mental-health-related outcomes.

prespecified as potential effect modifiers rather than examined only through
underpowered post hoc analyses. Medication use is particularly important
because antibiotics, proton-pump inhibitors, metformin, laxatives, anti-
depressants, and other psychotropic agents may alter microbial composi-
tion, intestinal transit, gastric pH, and microbial metabolism. Trials should
document medication class, dose, duration, recent antibiotic exposure, and
treatment changes. Randomization or statistical analysis should account for
medication use when it is likely to modify the intervention response.

Interactions among diet, medication, and fermented foods remain
poorly characterized. Claims of synergy or antagonism should therefore be
restricted to directly tested combinations. Current responder-stratification
models are also largely exploratory and require prespecified predictors,
independent validation, and evidence that stratification improves clinical
benefit. Psychobiotic foods may influence mental health through inter-
connected microbial, neural, endocrine, immune, barrier, and metabolic
pathways. Current human evidence is stronger for changes in microbial
functions, metabolites, inflammatory markers, and selected psychological
outcomes than for direct vagal activation, HPA-axis mediation, or
blood-brain-barrier restoration. Future studies must clearly distinguish
association, statistical mediation, and experimentally demonstrated
causality.

Psychobiotic microorganisms, food matrices, and
fermentation-derived neuroactive metabolites

Major psychobiotic microbial candidates

Psychobiotic functionality is primarily strain-specific; therefore, candidate
microorganisms should not be classified as psychobiotic only because they
belong to traditionally probiotic genera. The most frequently investigated
food-compatible candidates include Lactiplantibacillus plantarum, Lacti-
caseibacillus rhamnosus, Limosilactobacillus reuteri, Lactobacillus helveticus,
and Lactobacillus delbrueckii, as well as Bifidobacterium longum, B. breve, B
adolescentis, and B. bifidum. However, these taxa are not supported by
equivalent evidence, and psychobiotic status must be assigned to an
authenticated strain rather than inferred from species identity. Table 3
therefore  distinguishes food-derived candidates, —mechanistically

characterized strains, strains supported by preclinical studies, and strains
evaluated in humans.

Lactic acid bacteria remain central to psychobiotic food development
because they occur widely in fermented dairy products, sourdough, vege-
tables, legumes, and plant-based beverages. Their technological relevance
derives from acidification, proteolysis, exopolysaccharide formation, anti-
microbial activity, stress tolerance, and production of compounds such as y-
aminobutyric acid (GABA), organic acids, and bioactive peptides'®'*.
However, acid and bile tolerance, processing stability, and acidification
capacity are delivery traits rather than direct gut-brain mechanisms.
Mechanistic relevance requires evidence of neuroactive-metabolite pro-
duction, immune or epithelial modulation, microbiota-dependent activity,
or effects on validated psychological or neurophysiological endpoints.

Human findings illustrate why strain-level and outcome-specific
interpretation is necessary. Lactiplantibacillus plantarum PS128 has been
examined in human mood and sleep studies, but its effects have varied
according to population and study design®". In patients with major
depressive disorder, Bifidobacterium breve CCFM1025 improved depres-
sion scores relative to placebo and was associated with changes in the gut
microbiome and tryptophan metabolism'®. By contrast, B. longum 1714
improved sleep quality and duration during examination stress but did not
improve chronic stress, depression, or cognitive performance’. These
contrasting results show that efficacy in one endpoint cannot be generalized
to mood, anxiety, sleep, and cognition collectively.

Multi-strain formulations provide additional evidence but present an
attribution problem. Walden et al.”* reported improvements in several self-
reported mood and anxiety measures after administration of a formulation
containing Limosilactobacillus fermentum LF16, Lacticaseibacillus rham-
nosus LRO6, Lactiplantibacillus plantarum LPO1, and Bifidobacterium
longum 04. However, the design could not determine whether the effect
originated from one strain, additive activity, or strain-strain interactions.
Such formulations should therefore be evaluated as complete products
rather than used to validate each component strain independently.

Certain bifidobacterial species, particularly infant-associated lineages,
are prominent early-life colonizers and may influence carbohydrate fer-
mentation, immune development, and epithelial function. Nevertheless,
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early-life ecological relevance does not automatically establish adult psy-
chobiotic efficacy. In food systems, bifidobacteria are generally more
oxygen-sensitive than many lactic acid bacteria, creating challenges for
processing, storage, and delivery in oxygen-exposed matrices. Protective
matrices, oxygen-controlled manufacturing, encapsulation, or compatible
co-cultures may improve viability, but these technological measures must be
evaluated separately from mental-health efficacy’. Other microorganisms
may contribute to psychobiotic food systems, but they should be approa-
ched with greater caution. Pediococcus, Leuconostoc, Weissella, and selected
yeasts may produce organic acids, peptides, exopolysaccharides, volatile
compounds, or GABA-related metabolites. At present, most should be
considered discovery-stage candidates because evidence is commonly lim-
ited to metabolite production, in vitro activity, or technological perfor-
mance. Detection of GABA or another neuroactive compound alone does
not validate psychobiotic function.

Non-conventional candidates should undergo genome-based assess-
ment of virulence determinants and transferable antimicrobial resistance,
together with evaluation of biogenic-amine formation, undesirable enzy-
matic activities, product stability, and host-relevant functional effects®.
Table 3 consequently highlights a major translational mismatch: lactic acid
bacteria generally offer the strongest food-processing compatibility, bifi-
dobacteria require greater formulation protection, and non-conventional
taxa have the least developed human evidence. Figure 3 summarizes these
differences according to microbial group, food compatibility, proposed
function, evidence level, and principal limitation.
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13,22,75
14,15,21
13,21,22
1,21,22

ts

iremen

Defined microbial origin, inactivation

bioaccessibility, safety screening
control, compositional

LC-MS/MS phenolic profiling,
ethanol/acidity monitoring, microbial

metabolite fingerprints, biogenic
amine monitoring, clinical relevance
safety, antioxidant and anti-

Required validation before
psychobiotic claim

LAB profiling, salt/pH control,
testing

profiling, antinutrient reduction,
sensory testing, digestion/

inflammatory assays
reproducibility, immune/barrier

GABA quantification, peptide
assays, safety evaluation

microbial instability, high batch
variability

purified metabolites; biological
reproducible after inactivation

Beany flavor, texture instability,
activity must remain

antinutritional residues, strain-

Main safety or formulation
concerns

Salt level, microbial variability,
dependent performance
Caffeine, ethanol, acidity,
Must not be confused with

inconsistency

Dairy matrices: fermented milk, yogurt, kefir, and cheese

Dairy products are among the most established matrices for probiotic and
psychobiotic delivery because milk proteins, lactose, minerals, buffering
capacity, and fat-protein structures can protect microbial cells during fer-
mentation, storage, and gastrointestinal transit. Fermented milk and yogurt
can support lactic acid bacteria and bifidobacteria while generating peptides,
organic acids, and GABA-related compounds through proteolysis and
amino acid metabolism. A recent randomized controlled trial evaluated a
cultured milk drink containing Lactobacillus acidophilus LA-5 and Lacti-
caseibacillus paracasei L. CASEI-01 in individuals with irritable bowel
syndrome and subthreshold depression, illustrating the importance of
testing the complete fermented product rather than extrapolating efficacy
from the strains alone*’. However, technological protection and metabolite
production do not themselves demonstrate psychobiotic efficacy.

Fermented milk and yogurt are comparatively easy to standardize
because starter composition, fermentation time, processing conditions, and
serving size can be controlled. Kefir is more complex because its bacterial
and yeast consortium varies with grain origin, milk type, back-slopping,
temperature, and storage. In a randomized crossover trial, traditionally
fermented kefir and commercial kefir produced different inflammatory and
metabolic responses, supporting the view that microbial composition and
manufacturing method materially influence product functionality®. Kefir
should therefore be described as a matrix with psychobiotic potential unless
its microbial composition, metabolite profile, serving dose, and human
effects are reproducibly characterized.

Cheese may provide peptides, free amino acids, organic acids, and
ripening-derived metabolites. Nevertheless, extended proteolysis and
microbial amino acid decarboxylation can favor tyramine, histamine,
putrescine, and cadaverine accumulation. A recent analysis of white-brined
cheeses detected biogenic amines in multiple commercial samples and
identified tyramine as a major concern in some products, confirming the
need for strain selection and end-of-shelf-life monitoring*’. Dairy-product
development must therefore balance cell viability and beneficial metabolite
production against oxygen sensitivity, biogenic-amine formation, sensory
quality, and storage stability.
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Fig. 3 | Major psychobiotic microbial candidates and essential validation criteria.

that support microbial growth and subsequent colonic fermentation.
Sourdough fermentation can modify starch and protein accessibility,
release peptides, transform phenolic compounds, reduce some anti-
nutritional factors, and generate organic acids. The effects of fermenta-
tion must, however, be distinguished from those of subsequent
processing. Baking generally prevents the final product from being
considered a live-cell delivery system unless post-baking viability is
demonstrated. It may also alter the retention and accessibility of GABA,
organic acids, peptides, and phenolic metabolites. Xuan et al."” demon-
strated that sourdough prepared with the GABA-producing strain Ped-
iococcus pentosaceus JC30 yielded bread containing measurable GABA
after baking, showing that metabolite retention must be quantified in the
consumed product rather than inferred from fermented dough.

Even when viable microorganisms are lost, baked sourdough may
retain microbial cell components, organic acids, fermentation-modified
substrates, and bioactive metabolites. Such products should be evaluated as
fermented matrices or potential postbiotic systems rather than auto-
matically classified as live psychobiotic foods. For each product, viable-cell
counts and metabolite concentrations should be measured after baking and
throughout storage. Legume-based matrices contain proteins, fibers, resis-
tant starch, glutamate, phenolics, minerals, and antinutritional compounds
that can be modified during fermentation. Montagano et al.* showed that
GABA formation by Lactiplantibacillus plantarum was strongly strain-
dependent and that yields measured in laboratory medium were sub-
stantially different from those obtained in the actual legume beverage. This
directly supports matrix-specific validation®.

Legume processing can also affect metabolite formation after ingestion.
Purwandari et al.” reported that tempeh fermentation modified protein and
starch digestibility and influenced the production of SCFAs, GABA, and
tryptophan-related metabolites during subsequent in vitro colonic fer-
mentation. Thus, metabolites contained in the food and those generated by
the resident microbiota after ingestion should be clearly distinguished.
Legume products may nevertheless present beany flavor, texture instability,
variable protein solubility, and strain-dependent fermentation perfor-
mance. Fermentation can improve the nutritional, microbiological, and
sensory characteristics of chickpea-based beverages, but the outcome

depends on the selected starter and formulation conditions™. Each final
formulation should therefore be assessed for fermentation kinetics, cell
retention, metabolite production, sensory quality, digestion stability, and

safety.

Fermented vegetables, fruits, and polyphenol-rich matrices
Fermented vegetables such as kimchi, sauerkraut, and fermented pickles
may provide acid- and salt-tolerant lactic acid bacteria, organic acids, exo-
polysaccharides, and transformed plant metabolites. Nevertheless, these
products vary considerably in salt content, starter composition, sponta-
neous microbial succession, serving size, and storage conditions.

In a pilot randomized study, consumption of ~100 g/day of fermented
vegetables for six weeks altered selected bacterial taxa but did not sig-
nificantly change the measured inflammatory markers. This finding indi-
cates that microbiota modification should not automatically be interpreted
as an anti-inflammatory or psychobiotic effect’’. Fruit and vegetable fer-
mentations provide sugars, fibers, carotenoids, anthocyanins, flavonoids,
and phenolic acids. Microbial activity may transform these compounds and
generate GABA, organic acids, and other metabolites. For example, co-
culture fermentation with Levilactobacillus brevis YSJ3 and Lactiplantiba-
cillus plantarum JLSC2-6 increased GABA production and extensively
modified the volatile and non-volatile metabolite profiles of cauliflower by-
productssz. However, metabolite enrichment or antioxidant activity alone
does not establish a mental-health effect.

Tea, cocoa, coffee, and kombucha should be considered separately
from vegetable lactic fermentations because they involve different sub-
strates, microorganisms, and processing conditions. Kombucha addition-
ally involves interactions among yeasts, lactic acid bacteria, and acetic acid
bacteria, with variable acid and ethanol formation. Analysis of retail kom-
bucha beverages showed substantial differences in viable microbial popu-
lations, with only eight of twelve products containing viable traditional
kombucha cultures. These findings demonstrate that label claims or
detection of microbial DNA cannot substitute for viable counts and
product-level characterization™. Accordingly, polyphenol-rich fermented
products require microbial profiling, targeted metabolomics, gastro-
intestinal bioaccessibility assessment, and batch-to-batch standardization.
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Residual sugar, caffeine, ethanol, acidity, and viable-cell stability should also
be quantified in the final product.

Production, retention, and delivery of neuroactive metabolites
The biological actions of GABA, SCFAs, and tryptophan metabolites are
discussed in Section “microbial metabolites as biochemical mediators”; the
present section focuses on their formation, retention, and delivery within
food systems. GABA can be produced when selected lactic acid bacteria
convert glutamate through the glutamate decarboxylase system. Production
depends on strain identity, glutamate availability, pH, temperature, fer-
mentation duration, and matrix composition. Recent food-system studies
confirm strong strain and matrix dependence in sourdough bread and
legume-based beverages”*’. A GABA-enriched product should report
concentration per serving, batch variability, retention during storage and
processing, gastrointestinal release, and bioaccessibility. The large difference
between GABA yields obtained in laboratory medium and in a real legume
beverage further demonstrates that in vitro screening cannot replace final-
product measurement®.

SCFAs are mainly generated after ingestion through colonic fermen-
tation of fibers and resistant carbohydrates. Product-borne SCFAs, SCFA-
production potential in a colonic model, fecal concentrations, and systemic
exposure represent different measurements and should not be used inter-
changeably. The tempeh study of Purwandari et al”. illustrates how pro-
cessing can modify subsequent colonic SCFA production without implying
that the food itself contains an equivalent SCFA dose. Tryptophan-derived
indoles, peptides, exopolysaccharides, organic acids, vitamins, and phenolic
metabolites may also be generated or modified during fermentation. Their
evaluation should include the final-product concentration, analytical
identification confidence, processing and storage stability, exposure
per serving, digestive release, and concentrations achieved in intestinal or
systemic compartments.

Undesirable metabolites and matrix-dependent safety risks

The same fermentation processes that generate beneficial compounds
can produce undesirable metabolites. Biogenic amines may accumulate
when amino acid decarboxylase-positive strains grow under favorable
conditions. Safety risks differ by matrix. Ripened cheeses are particularly
vulnerable to tyramine and histamine accumulation; fermented legumes
may retain antinutritional compounds or develop amines; vegetable
fermentations require control of salt, hygiene, and microbial succession;
and kombucha-like beverages require monitoring of ethanol, acidity,
and contamination.

Burikovd et al*. identified tyramine-producing microorganisms and
potentially concerning amine concentrations in commercial white-brined
cheeses. In low-salt fermented vegetables, Zhang et al*’. showed that
modified-atmosphere fermentation markedly reduced biogenic-amine
formation by suppressing amine-producing microorganisms and asso-
ciated metabolic genes. Commercial kombucha products also differ in the
identity and viability of their microbial populations, reinforcing the need for
microbiological testing at the end of shelf life rather than relying only on
starter composition™’.

Other concerns include transferable antimicrobial-resistance genes,
virulence determinants, excessive D-lactate production, toxin formation, and
microbial instability. Product assessment should therefore focus on matrix-
specific hazards, critical processing controls, serving-size exposure, and end-
of-shelf-life safety. Traditional use is informative but insufficient, particularly
for children, older adults, pregnant women, immunocompromised indivi-
duals, and patients with severe gastrointestinal or metabolic disease.

Integrative design of psychobiotic food systems

Psychobiotic food development should follow a product-level sequence:
select a characterized strain or microbial preparation, match it with a
compatible substrate, optimize fermentation and processing, quantify
retained microorganisms and metabolites, exclude matrix-specific hazards,
and validate the final formulation after digestion and storage. Recent

evidence demonstrates why this final-product approach is essential: micro-
bial composition changed the effects of kefir®, strain performance differed
between culture medium and a legume beverage®, and cultured milk effects
depended on the complete formulation, population, and clinical context™.

Analytical, Technological, and Safety Requirements for
Psychobiotic Food Development
Strain authentication and microbial identity control
Psychobiotic functionality must be assigned to an authenticated strain
rather than inferred from genus or species identity. Preliminary identifi-
cation may combine phenotypic characterization, 16S rRNA sequencing,
MALDI-TOF MS, and strain-specific PCR. For strains intended for health-
oriented applications, whole-genome sequencing (WGS) provides higher-
resolution authentication and enables simultaneous screening for
antimicrobial-resistance genes, virulence determinants, toxin-associated
genes, and amino acid decarboxylases linked to biogenic-amine formation™.
WGS can also identify genes associated with GABA synthesis, carbo-
hydrate utilization, stress resistance, adhesion, and exopolysaccharide
production. However, genomic potential does not demonstrate functional
expression in the food matrix. Candidate functions should therefore be
confirmed using phenotype- and product-level assays, including metabolite
measurements where relevant. Strain identity, genomic safety, and trace-
ability should be established before technological or clinical evaluation.

Viability, stability, and gastrointestinal survival

For live psychobiotic foods, viability should be assessed during processing,
storage, distribution, and gastrointestinal exposure. Counts should be
expressed as colony-forming units (CFU) per consumed serving and ver-
ified at the end of shelf life rather than only immediately after manufacture.
No universal CFU threshold establishes psychobiotic efficacy; the delivered
dose should instead match the formulation and dose supported by the
relevant efficacy study.

Culture-based enumeration remains essential, but strain-specific mole-
cular methods can complement plate counts in multi-strain or complex
fermented products. Conventional qPCR should not be interpreted as a direct
viability measure because DNA from non-viable cells may also be detected;
viability-PCR approaches such as PMA-qPCR can provide complementary
information when appropriately validated™. Gastrointestinal robustness
should be assessed in the final food rather than in culture medium alone
because matrix composition strongly modifies survival. Protective technolo-
gies such as encapsulation or protein—polysaccharide carriers are useful only
when their benefit persists under realistic storage and digestion conditions”.

Targeted metabolite profiling

Targeted analysis should focus on compounds directly linked to the pro-
posed mechanism of the product, including GABA, organic acids, selected
SCFAs, tryptophan-kynurenine metabolites, indole derivatives, bioactive
peptides, phenolic metabolites, and bile acid derivatives. Quantitative
methods should report calibration range, authentic or isotope-labeled
standards where appropriate, extraction recovery, matrix effects, precision,
limit of detection, limit of quantification, and concentration per gram,
milliliter, and consumed serving. This is particularly important because
analytical detection alone does not establish physiologically relevant expo-
sure. For GABA-enriched foods, validation should include GABA con-
centration, precursor availability, batch variability, processing and storage
stability, and gastrointestinal bioaccessibility. Detection of glutamate-
decarboxylase genes or high GABA production in broth cannot substitute
for quantification in the final consumed product. Xuan et al”., for example,
quantified GABA in the baked sourdough product, illustrating the need to
assess metabolite retention after processing.

Untargeted metabolomics, peptidomics, and multi-omics
integration

Untargeted LC-MS/MS, UHPLC-QTOF-MS, GC-MS, NMR, peptidomics,
lipidomics, and volatile profiling are useful when fermentation generates
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complex or incompletely characterized chemical changes. Exploratory
metabolomics should include procedural blanks, pooled quality-control
samples, randomized analytical sequences, drift and batch correction,
multiple-testing control, and transparent metabolite-identification con-
fidence. Candidate biomarkers identified by untargeted analysis should
subsequently be confirmed using targeted quantitative methods™.

Multi-omics integration can connect microbial composition or func-
tion with metabolite production and host response. However, microbiome,
metabolome, and clinical datasets should be integrated around prespecified
biological hypotheses rather than used to generate large numbers of
unstructured associations. Independent validation is particularly important
when predictive responder signatures are proposed.

In vitro digestion, colonic fermentation, and bioaccessibility
Psychobiotic foods should be evaluated under simulated gastrointestinal
conditions because processing and digestion can alter microbial survival,
matrix structure, and metabolite release. The INFOGEST framework pro-
vides a standardized approach for oral, gastric, and small-intestinal diges-
tion, while semi-dynamic or dynamic models may be selected when gastric
emptying, gradual acidification, or time-dependent digestive events are
central to the hypothesis™*.

Model selection should therefore depend on the biological question
rather than on analytical complexity alone. INFOGEST is particularly sui-
table for standardized and reproducible screening of digestion and bioac-
cessibility, whereas dynamic systems provide greater physiological
resolution. The Simulator of the Human Intestinal Microbial Ecosystem
(SHIME) reproduces sequential gastrointestinal compartments and is
particularly useful for investigating longer-term, region-specific microbial
responses and colonic fermentation. The TNO gastrointestinal models
(TIM-1 and TIM-2) dynamically simulate gastrointestinal transit, secretion,
pH changes, and removal of digested products, with TIM-1 primarily
representing the stomach and small intestine and TIM-2 focusing on
colonic microbial fermentation. The bionic gastrointestinal reactor (BGR)
additionally incorporates gastrointestinal geometry, mixing, and mechani-
cally induced contractions to more closely reproduce physical digestion.
However, these dynamic systems are more technically demanding, costly,
and less suited to high-throughput screening than standardized static
models™®. SHIME is a multicompartment dynamic system designed for
sustained microbiota—substrate interaction, while TIM models incorporate
dynamic gastrointestinal conditions and, in TIM-2, colonic fermentation;
BGR was developed to reproduce gastrointestinal physical features and
mechanical mixing more closely.

Fermentation optimization and process reproducibility
Fermentation temperature, pH, duration, inoculum size, oxygen avail-
ability, salt concentration, substrate composition, glutamate availability, and
starter interactions can influence microbial growth, metabolite production,
sensory quality, and safety. Optimization should therefore use multiple
response criteria rather than maximizing cell density or a single metabolite.
Conditions that increase GABA or biomass, for example, may simulta-
neously increase acidity, ethanol, off-flavors, or undesirable metabolites.

Post-fermentation processing must also be incorporated into valida-
tion. Heating, baking, pasteurization, drying, freezing, thawing, and oxygen
exposure may alter cell viability and the retention or accessibility of GABA,
peptides, organic acids, and phenolic metabolites. Microbial counts and key
metabolites should therefore be reassessed after processing and at the end of
storage"’. Batch-to-batch reproducibility should include predefined speci-
fications for strain abundance, key metabolites, pH, microbial con-
taminants, safety markers, and relevant sensory characteristics. Variation
among commercial fermented products demonstrates that starter identity
alone does not guarantee a reproducible final product™.

Safety assessment and undesirable metabolite control
Safety assessment should combine genomic and phenotypic evidence.
Candidate strains should be evaluated for antimicrobial susceptibility,

relevant virulence traits, toxin production, hemolytic activity where
appropriate, undesirable metabolic activities, and biogenic-amine-forming
capacity. The absence of recognized virulence or resistance genes alone is
insufficient to establish safety, particularly for novel microorganisms.
Genomic findings should be interpreted together with phenotype, intended
dose, food matrix, target population, and history of safe use™. Matrix-
specific hazards should be assessed in the final product. Histamine, tyr-
amine, putrescine, cadaverine, ethanol, toxins, or relevant microbial con-
taminants should be quantified when their formation is plausible. Safety
testing should include end-of-shelf-life samples because undesirable meta-
bolites may continue to accumulate during storage even when production
batches initially meet specifications. Acceptance limits should follow
applicable regulatory or toxicological criteria for the specific compound,
serving size, matrix, and target population rather than arbitrary universal
thresholds.

Quality control and evidence standards for psychobiotic claims

A psychobiotic food claim should be supported by the exact final for-
mulation used in the efficacy study rather than extrapolated from an isolated
strain or precursor matrix. Minimum product-level evidence should include
authenticated microbial identity or defined postbiotic composition, end-of-
shelf-life dose, reproducible chemical profile, matrix-specific safety, and
gastrointestinal survival or bioaccessibility appropriate to the proposed
mechanism. Human trials should define one primary clinical endpoint, use
an a priori power calculation, preregister the protocol, and employ an
appropriate placebo or matrix-matched comparator. Randomization, allo-
cation concealment, blinding where feasible, intention-to-treat analysis,
adverse-event reporting, and documentation of habitual diet, medications,
and recent antibiotic exposure should also be considered in study design and
reporting””®'. Mechanistic biomarkers should be selected according to the
proposed mode of action rather than requiring every study to measure
microbiome composition, SCFAs, GABA, cortisol, cytokines, permeability,
and metabolomics simultaneously. For example, a GABA-oriented product
may prioritize product GABA exposure and neuroendocrine endpoints,
whereas a fiber-rich fermented food may prioritize colonic fermentation,
SCFAs, inflammatory markers, and microbiome function.

Accordingly, the available evidence can be interpreted across three
progressive levels. A candidate psychobiotic food refers to a product con-
taining an authenticated microorganism or preparation with plausible
gut-brain-related functionality. A mechanistically validated psychobiotic
food represents a reproducible final product for which exposure and rele-
vant biological effects have been experimentally demonstrated. Finally, a
clinically validated psychobiotic food is defined as the same standardized
formulation that has demonstrated efficacy in adequately powered human
clinical trials. The analytical targets, recommended methods, reporting
requirements, decision criteria, and principal limitations for each validation
stage are summarized in Table 4.

Evidence from preclinical and human studies
Preclinical evidence: mechanistic plausibility but limited food
translation

Preclinical models remain valuable for identifying causal
microbiota—gut-brain pathways because they permit controlled manip-
ulation of microbial exposure, diet, stress, and host physiology. Animal
studies have linked selected psychobiotic strains to changes in HPA-axis
activity, inflammatory signaling, tryptophan metabolism, intestinal barrier
integrity, brain-derived neurotrophic factor (BDNF), and behavior. For
example, Bifidobacterium breve CCFM1025 reduced anxiety- and
depression-like behaviors in chronically stressed mice while attenuating
corticosterone and inflammatory responses and modifying microbial and
SCFA-related pathways®.

Such experiments are particularly informative when microbiome,
metabolite, endocrine, immune, and neural endpoints are measured toge-
ther. However, behavioral tests in rodents do not reproduce human psy-
chiatric disorders, and differences in microbiota composition, diet, dose
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WGS, AMR gene screening, virulence gene detection, toxin genes,

Phenotyping, 16S rRNA sequencing, MALDI-TOF MS, strain-
amino acid decarboxylase genes

Recommended methods/tools
specific PCR/gQPCR, WGS

Table 4 | Analytical, technological, and safety requirements for validating psychobiotic food products

Strain identity and traceability
Genome-based safety screening

Validation level

10,13

Confirms that live psychobiotic delivery is maintained until

intake

Viable count during processing, storage, and

consumption

CFU counts, gPCR, live/dead staining, storage testing, stress

challenge assays

Viability and shelf-life stability

10,59

Determines whether live cells can reach the gut

environment

Survival after gastric and intestinal stress

Acid/bile tolerance, INFOGEST-like digestion, simulated gastric/

intestinal fluids

Gastrointestinal survival

14,21

Links food composition to gut-brain-relevant mechanisms

GABA, SCFAs, organic acids, tryptophan metabolites,

biogenic amines

HPLC, LC-MS/MS, GC-MS, enzymatic assays

Targeted neuroactive metabolite

profiling

13,22

Captures matrix-specific transformations and unknown

bioactives

Metabolite fingerprints, peptide profiles, phenolic

UHPLC-QTOF-MS, LC-MS/MS, GC-MS, NMR, peptidomics,
volatile profiling derivatives, volatiles

Untargeted metabolomics and

peptidomics

15,59

Determines intestinal exposure and resident microbiota

response

Post-digestion metabolite release, SCFA production,

microbial transformations

INFOGEST digestion followed by fecal fermentation, SHIME/TIM-

type models, SCFA profiling

Colonic fermentation and

bioaccessibility

14,22

Prevents uncontrolled variability in microbes and

metabolites

Controlled and reproducible product manufacturing

pH, water activity, temperature, inoculum size, oxygen, salt,

fermentation time, batch profiling

Fermentation process control

10,22

Prevents harmful fermentation outcomes from being

Toxicological safety profile
marketed as functional

HPLC/LC-MS/MS for histamine, tyramine, putrescine, cadaverine;

D-lactate assays

Undesirable metabolite control

Separates validated psychobiotic foods from generic 2,20

fermented/probiotic products

Mechanistic and clinical response evidence

Psychological scales, cortisol, cytokines, gut permeability

markers, microbiome, metabolomics

Host-response validation

20,22

Prevents overclaiming and supports consumer

transparency

Credible and compliant product claims

Label accuracy, serving size, strain declaration, stability data,

human evidence

Regulatory and claim support

scaling, metabolism, and exposure duration limit direct translation. Pre-
clinical evidence should therefore establish mechanistic plausibility rather
than clinical efficacy. For food-oriented psychobiotics, an additional
translational gap exists because most animal studies administer isolated
strains or suspensions rather than the standardized fermented food ulti-
mately intended for human consumption.

Human evidence in depression and depressive symptoms
Human evidence is most developed for depression, although studies differ
substantially in diagnosis, strain, dose, treatment background, and out-
come measures. A recent systematic review identified 47 publications
from 42 clinical studies across psychiatric disorders, with major depressive
disorder (MDD) accounting for 19 studies, substantially more than other
diagnoses™. Strain-specific randomized trials illustrate both the potential
and the limitations of this evidence. Tian et al."® randomized 45 patients
with MDD to receive B. breve CCFM1025 (10*° CFU/day) or placebo for
four weeks. The intervention improved psychiatric and gastrointestinal
symptom scores and was associated with changes in gut microbial tryp-
tophan metabolism, providing one of the clearer examples linking a
defined strain, clinical response, microbiome function, and a candidate
metabolic mechanism. However, the sample was small and the inter-
vention was a freeze-dried supplement rather than a food matrix.

Food-based evidence remains more limited. Sarkawi et al.* evaluated
a cultured milk drink containing Lactobacillus acidophilus LA-5 and
Lacticaseibacillus paracasei L. CASEI-01 in 110 participants with irritable
bowel syndrome, including individuals with subthreshold depression.
Depression scores decreased from baseline in both probiotic and placebo
groups, whereas serum serotonin increased significantly only in the
probiotic-treated subthreshold-depression group. These results provide
product-level evidence but do not establish a clear antidepressant effect
independent of placebo response. Recent meta-analysis supports cautious
optimism. Asad et al.*’ included 23 randomized trials involving 1401
clinically diagnosed participants and found significant reductions in
depressive symptoms with probiotics, whereas evidence for prebiotics was
weaker. Nevertheless, substantial heterogeneity in strains, duration,
diagnosis, and formulation limits generalization of a pooled “probiotic
effect” to individual psychobiotic products. Accordingly, current evidence
supports selected probiotics as potentially useful adjunctive interventions,
but it does not justify treating psychobiotics as substitutes for established
psychological or pharmacological therapies.

Human evidence in anxiety and stress

Evidence for anxiety and stress is promising but more heterogeneous than
for depression. Asad et al.”’ reported a moderate pooled reduction in
anxiety symptoms with probiotic interventions, although formulation,
intervention duration, and clinical population contributed substantially to
heterogeneity. Whole-diet interventions are particularly relevant to food-
based psychobiotics. Berding et al.”” randomized 45 healthy adults to a
four-week diet rich in prebiotic foods and fermented foods or a control
diet. Perceived stress decreased by 32% in the psychobiotic-diet group
versus 17% in controls, and greater dietary adherence was associated with
a stronger stress reduction. However, the between-group difference was
not significant and biological stress markers were unchanged.

This trial is important because it extends psychobiotic research
beyond capsules, but it also illustrates a central interpretive problem:
changes in perceived stress, microbiome stability, and metabolic profiles
do not necessarily demonstrate that one specific fermented food or
microbial strain caused the psychological response. Thus, future stress
trials should distinguish strain-defined probiotic effects, whole-diet effects,
and fermented-food effects, while controlling for baseline diet, stress
severity, medication, and adherence.

Human evidence in sleep, cognition, and fatigue
Evidence for sleep, cognition, and fatigue is emerging but remains
outcome-specific. Moloney et al.*' reported that Bifidobacterium longum
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1714 improved sleep quality and sleep duration during examination stress in
20 healthy male students, but did not improve chronic stress, depression,
working memory, visual memory, attention, or perception. This finding is
important because it demonstrates that benefit in one gut-brain-related
domain should not be extrapolated to other psychological or cognitive
outcomes.

In a larger randomized trial of 89 adults with impaired sleep, Patterson
et al.** found that B. longum 1714 accelerated improvement in selected
subjective sleep-quality components and daytime functioning, although the
primary global PSQI score improved in both groups and objective acti-
graphy outcomes did not differ significantly. Similarly, Ho et al.” reported
reductions in depressive symptoms, fatigue, awakenings during deep sleep,
and selected electrophysiological measures after 30 days of Lactiplantiba-
cillus plantarum PS128 in 40 adults with self-reported insomnia. However,
the small sample size and pilot design limit generalizability. These studies
show that sleep may represent a responsive psychobiotic endpoint, but
objective sleep measures and cognition remain less consistently affected
than subjective outcomes.

Evidence for fermented foods specifically

Direct evidence for fermented foods as clinically validated psychobiotic
interventions remains substantially weaker than evidence for strain-defined
probiotic supplements. Fermented foods may simultaneously provide live
microorganisms, microbial cell components, organic acids, peptides, phe-
nolic metabolites, vitamins, and fermentable substrates, making attribution
of an effect to one component difficult.

Wastyk et al."® showed in a 17-week randomized dietary study that a
high-fermented-food diet increased gut microbial diversity and reduced
several inflammatory markers in healthy adults. However, mental-health
outcomes were not the primary focus; the study therefore supports a fer-
mented-food-microbiome-immune relationship rather than direct psy-
chobiotic efficacy. The psychobiotic-diet study of Berding et al.”” provides
more direct stress-related evidence, but fermented foods were consumed
together with increased prebiotic and fiber-rich foods, preventing attribu-
tion to fermentation alone. Sarkawi et al.** provides a more product-specific
example because a defined cultured milk drink was administered, although
improvements in depressive scores were not uniquely observed in the
probiotic group.

Why clinical results remain inconsistent

Clinical heterogeneity can be reduced to three major sources: interven-
tion heterogeneity, participant heterogeneity, and endpoint hetero-
geneity. Interventions vary in strain, dose, number of strains, matrix,
viability, treatment duration, and concomitant substrates. Participants
differ in diagnosis, symptom severity, baseline microbiota, habitual diet,
age, sex, medication exposure, and metabolic or gastrointestinal
comorbidities. Outcomes range from clinician-rated depression to self-
reported stress, sleep questionnaires, cognition, inflammatory bio-
markers, and metabolomics.

These sources of variation are reflected in meta-analyses. Asad et al.*’
reported substantial heterogeneity despite significant pooled effects for
depression and anxiety, whereas Ribera et al.” showed that evidence
remains unevenly distributed across psychiatric diagnoses. Pooling different
strains, formulations, populations, and endpoints may therefore generate an
average effect that does not accurately predict the response to a particular
psychobiotic product. A further limitation is that clinical improvement and
biological mechanism are often measured separately. Future trials should
therefore prioritize a prespecified clinical endpoint together with a focused
biomarker panel capable of testing the proposed mechanism, rather than
measuring numerous unrelated biomarkers.

Future evidence standards for psychobiotic food trials

Future research should move from efficacy-only trials toward product-
specific causal validation. Priority should be given to standardized food
interventions for which the exact strain or microbial preparation, matrix,

serving size, processing conditions, shelf-life composition, and metabolite
exposure are known. Clinical trials should use one prespecified primary
mental-health endpoint, adequate statistical power, matrix-matched con-
trols, dietary and medication monitoring, and a mechanistically relevant
biomarker panel. The next major evidence gap is not whether “probiotics”
or “fermented foods” can influence mental-health-related outcomes in
general, but which defined strain-matrix combinations work, in which
populations, at what dose, through which mechanism, and with what
reproducibility. Independent replication of the same final product should
therefore be considered a critical step before classification as a clinically
validated psychobiotic food. Table 5 should consequently compare actual
interventions according to strain/formulation, food matrix, population,
sample size, dose, duration, clinical outcome, mechanistic evidence, and
major limitation rather than simply listing reported benefits.

Challenges, future perspectives, and conclusion

Main challenges

Despite rapid progress, psychobiotic food research remains constrained by
insufficient integration of product characterization, mechanistic evidence,
and clinical efficacy. Many interventions are still described broadly as
probiotic, fermented, or microbiota-modulating despite incomplete strain-
level authentication, product standardization, or mechanistic validation"**,
Psychobiotic efficacy should therefore be considered product- and host-
dependent rather than an inherent property of a microbial species or fer-
mented food, because strain identity, matrix composition, processing,
microbial metabolism, and host characteristics can modify biological
responses™ >,

A second challenge is the limited standardization of fermented-food
interventions. Microbial composition and metabolite profiles may vary with
raw materials, starter cultures, spontaneous fermentation, back-slopping,
processing, storage, and serving size'*”. Fermented foods may also contain
variable combinations of live and non-viable microorganisms, enzymes,
organic acids, peptides, phenolic metabolites, vitamins, and fermentable
substrates, further complicating exposure assessment**”. Consequently,
apparently similar products may provide substantially different microbial
and biochemical exposures, limiting comparison across trials and repro-
ducibility of health effects'***. The final consumed product, rather than the
strain or fermentation process alone, should therefore constitute the unit of
validation’.

Clinical heterogeneity represents an additional barrier. Evidence is
concentrated mainly in depression and related affective outcomes, whereas
evidence for other psychiatric, sleep, and cognitive domains remains less
mature’®™*. Trials also differ considerably in strain composition, dose,
intervention duration, participant phenotype, medication exposure, habi-
tual diet, and outcome measures™”. Accordingly, pooled evidence for
“probiotics” or “psychobiotics” cannot automatically predict the efficacy of
an individual strain, formulation, or food product>®.

A persistent translational gap also separates food chemistry from
clinical interpretation. Fermentation studies frequently identify promising
strains or neuroactive metabolites without establishing human mental-
health relevance, whereas clinical studies may report psychological out-
comes without adequately characterizing microbial exposure, product
chemistry, or the biological pathway responsible'*”". For example, whole-
diet interventions have demonstrated changes in perceived stress, microbial
ecology, or immune markers, but attribution to a speciﬁc microorganism or
fermented product remains difficult'*”. Current evidence therefore sup-
ports selected strain-defined supplements more strongly than clinically
validated psychobiotic foods™*.

Future perspectives

Future psychobiotic development should prioritize product-specific opti-
mization of microbial strain or preparation, food matrix, processing con-
ditions, metabolite exposure, safety profile, and intended clinical target™”.
The most promising formulation will not necessarily be that with the highest
viable count or concentration of a single metabolite, but one that provides a
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reproducible and physiologically relevant exposure associated with mea-
surable biological and clinical responses™'. Multi-omics approaches may
accelerate this transition by connecting microbial identity and function with
food-derived metabolites and host responses'"”'. Whole-genome sequen-
cing can support strain authentication and functional prediction, whereas
metabolomics, peptidomics, and complementary omics approaches can
identify matrix-dependent biochemical transformations''. However, these
datasets should be used to test prespecified mechanistic hypotheses rather
than generate large numbers of exploratory associations. Analytical quality
control, independent validation, and replication across batches and popu-
lations are essential before molecular signatures can support product
claims™.

Artificial intelligence (AI) may further accelerate psychobiotic dis-
covery and fermentation design. Machine-learning approaches are
increasingly being explored for probiotic-trait prediction, microbial
resource screening, metabolic-pathway prediction, starter-culture selection,
and optimization of fermentation conditions**”’. Al-supported fermenta-
tion systems may also facilitate strain-substrate matching, process mon-
itoring, sensory prediction, and optimization of bioactive-metabolite
production®®. However, their translational value will depend on standar-
dized training datasets, algorithmic interpretability, external validation, and
prospective experimental confirmation; computational prediction should
guide rather than replace biological and clinical validation®*”. Precision
psychobiotics also require moving beyond retrospective responder analyses.
Variability in baseline microbiota, habitual diet, medication exposure, age,
sex, and host physiology may modify microbiota-targeted responses™”.
Baseline microbial composition may influence substrate utilization, cross-
feeding, colonization resistance, and metabolite production, thereby pro-
ducing heterogeneous responses to the same dietary intervention'’. Medi-
cation exposure is another important source of variation because
psychotropic and non-psychotropic drugs may alter microbial community
structure and confound associations between microbiota composition and
psychiatric phenotype”".

Future precision approaches should therefore evaluate prospectively
defined predictors of response rather than relying solely on post hoc
responder/non-responder classification™”. A microbiome or metabolomic
biomarker becomes clinically meaningful only when it reproducibly
improves intervention selection or outcome prediction in an independent
population.

Future trials should consequently prioritize standardized food-based
interventions, adequately powered designs, matrix-matched controls, pre-
specified primary endpoints, focused mechanistic biomarker panels, dietary
and medication monitoring, and independent replication of the same final
formulation>”"'. Head-to-head studies delivering the same strain through
different food matrices would be particularly informative for determining
whether food structure and processing materially alter gastrointestinal
exposure and psychobiotic efficacy'*”.

Conclusion

Psychobiotic foods represent a promising interface between food fermen-
tation, microbial ecology, nutrition, and microbiota-gut-brain research.
Current evidence indicates that selected microbiota-targeted interventions
may improve depression, anxiety, stress, and sleep-related outcomes,
although effects remain highly dependent on the strain, product, popula-
tion, and measured endpoint. Importantly, the evidence base is currently
stronger for defined probiotic strains and supplement-type formulations
than for standardized fermented foods. Fermentation, the presence of a
probiotic microorganism, or detection of a neuroactive metabolite alone is
therefore insufficient to justify a psychobiotic claim.

A practical industry-oriented validation framework should include
five sequential requirements: (i) authenticated microbial identity and
genomic safety; (ii) standardized final-product composition, processing
conditions, serving dose, and shelf-life stability; (iii) reproducible
microbial or metabolite exposure after gastrointestinal digestion; (iv)
mechanistic evidence linking the product to a defined

microbiota—gut-brain pathway; and (v) clinically meaningful efficacy
and safety demonstrated for the same final formulation in adequately
powered human trials. Products that satisfy only technological or
mechanistic criteria should be considered candidate psychobiotic foods,
whereas a clinically validated psychobiotic claim should require repro-
ducible evidence from the standardized consumed product.

Over the next five years, research should address four priority ques-
tions: which strain-matrix combinations provide reproducible benefits;
what dose and intervention duration are required for clinically meaningful
effects; which microbial, metabolic, or host biomarkers reliably predict
response; and whether the same standardized product can reproduce effi-
cacy across independent populations and production batches. Head-to-
head matrix comparisons, prospective responder-stratification studies, and
focused microbiome-metabolome-clinical integration will be particularly
important. Finally, psychobiotic foods should currently be positioned as
complementary or adjunctive dietary strategies rather than replacements for
established psychiatric, psychological, or pharmacological treatments. Their
future clinical value will depend on demonstrating added benefit, safety,
mechanistic plausibility, and reproducibility alongside standard care. The
central translational challenge is no longer simply to show that the
microbiota—gut-brain axis can be modulated, but to determine which
standardized psychobiotic foods work, for whom, at what dose, through
which mechanism, and with what degree of reproducibility.
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