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Abstract

Gamma (γ)-aminobutyric acid (GABA) is a non-proteinogenic amino acid recognized for
its primary function as the main inhibitory neurotransmitter in the mammalian central
nervous system and its role as a stress-responsive metabolite in various microorganisms.
This review critically examines the biosynthesis of GABA by lactic acid bacteria (LAB)
via the glutamate decarboxylase (GAD) system and evaluates its potential applications
in food and health sectors. The mechanistic details of the GAD pathway are analyzed,
focusing on the integrated roles of gadA/gadB decarboxylases, the gadC antiporter, and
pyridoxal−5′-phosphate (PLP) dependency in relation to acid resistance, metabolic flux,
and strain variability. Taxonomic and strain-level diversity among GABA-producing LAB
is assessed, with emphasis on the highly strain-specific nature of GABA production rather
than broad species or genus generalizations. Fermentation optimization parameters (pH,
temperature, substrate loading, and cofactor management) and scale-up challenges, includ-
ing techno-economic feasibility and downstream recovery efficiency, are critically evaluated.
Integration of LAB-derived GABA into fermented food matrices is discussed with atten-
tion to sensory compromises, stability, regulatory factors, and clean-label considerations.
Evidence from clinical and preclinical studies is synthesized to assess the physiological
significance of dietary GABA, distinguishing between purified GABA supplementation,
GABA-enriched fermented foods, and probiotic effects of live LAB, while addressing the
GABA paradox and gut–brain axis interactions. Significant research gaps are identified,
including the need for standardized quantification methodologies, multi-omics-guided
strain engineering, predictive bioprocess modeling, and rigorously designed human trials
in realistic food matrices. This review provides a systems-oriented, critical framework to
promote scalable and evidence-based advancement of GABA-enriched functional foods.

Keywords: gamma (γ)-aminobutyric acid (GABA); lactic acid bacteria; glutamate decar-
boxylase; strain-specific production; fermentation optimization; functional foods; clean
label; gut–brain axis; neuroprotective effects

1. Introduction
Gamma (γ)-aminobutyric acid (GABA) is a non-proteinogenic amino acid that serves

as a crucial bioactive signaling molecule in various biological systems, extending from
prokaryotic cells to intricate multicellular organisms [1,2]. In mammals, GABA functions as
the primary inhibitory neurotransmitter within the central nervous system (CNS), playing
a crucial role in regulating neuronal excitability and preserving the essential equilibrium
between excitatory and inhibitory synaptic transmission [1–5]. GABAergic neurons have a
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significant neurophysiological impact, with GABA levels in various brain regions reported
to be considerably elevated—up to three orders of magnitude—compared to classical
monoamine neurotransmitters [1,3,4].

In addition to its neurophysiological function, GABA has notable biochemical and
therapeutic significance [1,4,5], as indicated in Figure 1. The dysregulation or deficiency
of GABAergic signaling has been linked to a range of pathological conditions, such as
anxiety disorders, stress-related syndromes, depression, epilepsy, and other neurologi-
cal dysfunctions [1,4–7]. GABA serves as the main inhibitory neurotransmitter within
the mammalian CNS [8,9]. It reduces neuronal excitability by activating GABA_A and
GABA_B receptors [7], leading to anxiolytic and sedative effects [4,7]. Nonetheless, the
ability of exogenous GABA to traverse the blood–brain barrier (BBB) is recognized to
be quite restricted [4,7,8]. The gut–brain axis offers a foundational understanding of the
two-way communication that occurs between the gastrointestinal system and the CNS.
This interaction takes place via neural pathways, especially the vagus nerve, along with
endocrine, immune, and metabolic signaling mechanisms [4,7,9]. GABA-producing lactic
acid bacteria (LAB) and dietary GABA have the potential to impact host neurophysiology
through various mechanisms. These may include modulation of signaling within the
enteric nervous system, activation of vagal afferents, regulation of immune responses, or
changes in the composition of the gut microbiota. Significantly, these pathways could facili-
tate GABA-related effects without necessitating the direct transport of GABA through the
BBB [4,7–9]. The heightened focus on GABA-enriched functional foods and nutraceuticals
reflects a growing interest in their potential role as adjunctive approaches for regulating
neurochemical equilibrium and enhancing mental health outcomes.
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Figure 1. Conceptual framework for GABA synthesis through the glutamate decarboxylase (GAD)
pathway in LAB when subjected to environmental stress, along with its implications for functional
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food and health benefits. In the illustrative representation, environmental stressors such as acid, salt,
heat, and osmotic pressure trigger the GAD system, facilitating the PLP-dependent decarboxylation
of L-glutamate into GABA, along with the release of carbon dioxide (CO2) [10]. This adaptive
metabolic response improves bacterial acid resistance and supports intracellular pH balance [10,11].
The resulting GABA can be integrated into various functional food products, such as fermented
dairy items, cereal- and millet-based foods, functional beverages, and plant-derived fermented
products [10]. In addition to its technological relevance, dietary GABA offers a range of health
benefits, including alleviating anxiety, stress, and depression; enhancing sleep quality; providing
neuroprotective effects; influencing the gut–brain axis; and promoting cardiovascular health by
regulating blood pressure [7,10]. To summarize, the figure illustrates the intricate connection between
environmental stress adaptation in LAB, the biosynthesis of microbial GABA, the advancement of
functional foods, and the substantiated health benefits, offering a framework for the creation of
next-generation GABA-enriched functional foods.

In microorganisms, especially LAB, the synthesis of GABA fulfills a distinctly different
biological function (Figure 1). GABA production in LAB serves as a vital mechanism
for acid resistance and adaptation to stress, rather than playing a role in neurotransmis-
sion [11–13]. The biosynthesis of GABA is facilitated through the GAD pathway, wherein
glutamate undergoes irreversible decarboxylation to form GABA, catalyzed by the enzyme
GAD, which is dependent on pyridoxal−5′-phosphate (PLP) [14–19]. The decarboxylation
reaction utilizes an intracellular proton (H+), thus playing a role in maintaining cytoplasmic
pH balance in acidic environments [12,20]. This mechanism is especially beneficial in fer-
mented food matrices, such as Korean kimchi and Chinese suan cai (fermented vegetables),
where low pH conditions exert significant stress on microbial cells [18,21,22].

The GAD system frequently functions alongside a glutamate/GABA antiporter, en-
abling the uptake of extracellular glutamate and the export of intracellular GABA, which fur-
ther improves acid tolerance and aids in the stabilization of membrane potential [11,20,23].
Furthermore, the activation of the GAD-dependent pathway facilitates cellular energy
conservation indirectly through the preservation of H+ gradients, which are crucial for
metabolic processes such as ATP (Adenosine Triphosphate) synthesis [12,17]. Consequently,
in humans, GABA is predominantly recognized for its physiological and therapeutic roles,
whereas in bacteria, it serves as an adaptive metabolic mechanism that improves survival
in the face of environmental stressors [11,12].

Recent comprehensive reviews have consolidated information on GABA production
by LAB and its potential health implications, while the current study provides a unique
critical synthesis. It highlights the unique strain-specific characteristics of GABA biosyn-
thesis, avoiding broad generalizations across different genera or species. Additionally,
it addresses the techno-economic and downstream processing challenges that hinder in-
dustrial application, as well as the clean-label and sensory issues linked to prevalent
precursor supplementation methods. Furthermore, it provides a thorough, evidence-based
assessment of physiological impacts, clearly differentiating between purified GABA sup-
plementation, the intake of GABA-enriched fermented foods, and the probiotic benefits
of live GABA-producing LAB. We thoroughly analyze reported yields and their practical
relevance, emphasize misunderstandings that may arise from citation chains lacking veri-
fication, and outline a practical strategy that incorporates multi-omics, synthetic biology,
AI-driven process design, and the requirements for pilot-scale validation.

From an industrial and biotechnological viewpoint, the effective production of mi-
crobial GABA necessitates meticulous optimization of environmental and fermentation
conditions that activate the GAD system. Substrate availability, including glutamate con-
centration, pH levels, temperature, cofactor supplementation such as PLP, and genetic
regulation specific to the strain, are pivotal factors affecting GABA yield. Consequently,
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comprehending the physiological triggers and regulatory mechanisms that control GABA
biosynthesis in LAB is crucial for the advancement of scalable production systems intended
for functional food and health-related applications.

Using the critical examination of the existing literature described in the preceding para-
graphs, we present a complete, evidence-driven synthesis of current knowledge. This synthesis
focuses on mechanistic findings, practical problems, and translational potential. The study
achieves increased methodological rigor by establishing distinct, quantifiable objectives that
advance the discipline and are consistent with the logical framework of the report.

Thus, this review aims to (1) thoroughly investigate the biochemical pathways, genetic
regulation, and environmental influences that control GABA biosynthesis in LAB, high-
lighting strain-specific differences; (2) evaluate the taxonomic and strain-level diversity
among GABA-producing LAB, including screening methods and industrial applicability,
while addressing the need for validation in real food matrices; (3) analyze bioprocess
optimization, challenges in scaling up, downstream recovery considerations, economic
feasibility, and clean-label factors; and (4) compile evidence regarding the integration of
LAB-derived GABA into functional food matrices, focusing on sensory characteristics,
stability, regulatory issues, and physiological effects, while differentiating mechanisms and
evidence quality across purified GABA, enriched foods, and live LAB, and pinpointing key
research gaps and future research directions.

2. GABA Biosynthesis and Microbial Mechanisms
In microorganisms, GABA biosynthesis predominantly occurs through the GAD

pathway, a metabolically efficient one-step (Figure 2) irreversible α-decarboxylation of
L-glutamate catalyzed by GAD (EC 4.1.1.15) [16,24,25]:

L-Glutamate + H+ → GABA + CO2

Figure 2. Metabolic pathway of GABA biosynthesis and its integration with central carbon
metabolism and stress adaptation in LAB. Schematic illustration of the metabolic pathway as-
sociated with the biosynthesis of GABA and its connection to central carbon metabolism in LAB as
they adapt to environmental stressors. Glucose undergoes metabolism via glycolysis, resulting in
the production of pyruvate. This pyruvate is then transformed into acetyl coenzyme A (acetyl-CoA)
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by the enzyme pyruvate dehydrogenase (PDH), allowing it to enter the tricarboxylic acid (TCA;
Krebs) cycle. The TCA intermediate α-ketoglutarate acts as a precursor for the biosynthesis of glu-
tamate, establishing a connection between carbon metabolism and nitrogen assimilation [10,26]. In
response to environmental stresses like acidic pH, osmotic pressure, salinity, and elevated tempera-
tures, intracellular glutamate undergoes decarboxylation catalyzed by the enzyme GAD, which is
dependent on PLP. This reaction results in the formation of GABA and the simultaneous release of
CO2 [10,26,27]. GABA is then transformed into succinic semialdehyde (SSA) through the action of
GABA aminotransferase (GABA-T), followed by its oxidation by succinic semialdehyde dehydro-
genase (SSADH) to produce succinate. This succinate subsequently re-enters the TCA cycle via the
GABA shunt [10,26]. This metabolic bypass creates a direct link between GABA biosynthesis and
central carbon metabolism, promoting intracellular pH homeostasis, osmoprotection, redox balance
maintenance, detoxification of reactive oxygen species, energy conservation, and improved survival
in challenging environmental conditions [10,12,26,27]. The integration of the GABA shunt with
glycolysis and the TCA cycle underscores its dual function in enhancing microbial stress tolerance
while facilitating the efficient production of GABA, which is crucial for the advancement of functional
foods that may offer health benefits [5,10,26].

PLP, the active form of vitamin B6, is an essential cofactor that stabilizes reaction
intermediates and enables efficient catalysis [1,17,18,24].

The diagram depicts the synthesis of GABA from intermediates derived from glucose
through glycolysis and the TCA cycle, commonly referred to as the Krebs cycle, highlighting
the GABA shunt as an alternative pathway [28–30]. Glucose undergoes metabolism through
glycolysis, resulting in the production of pyruvate. This pyruvate subsequently enters
the TCA cycle through the action of PDH, leading to the formation of acetyl-CoA. α-
Ketoglutarate, an intermediate in the TCA cycle, undergoes conversion to glutamate. This
glutamate is subsequently decarboxylated by the enzyme GAD, resulting in the formation
of GABA, a process that consumes a H+ and releases CO2 [12,28,31]. Following this, GABA
is transaminated by GABA transaminase (GABA-T) to produce succinic semialdehyde. This
compound is then oxidized by succinic semialdehyde dehydrogenase (SSADH) to form
succinate, which re-enters the TCA cycle. This shunt circumvents two steps in the TCA cycle,
connecting carbon flux from glycolysis to succinate and simultaneously producing reducing
equivalents [10,26]. The pathway facilitates acid resistance through GAD-mediated proton
consumption and modulates stress responses, including oxidative, osmotic, and thermal
stress, by regulating intracellular pH, redox balance, and the homeostasis of reactive oxygen
species in bacteria, plants, and animals [12,28,30,32].

In LAB, the GAD system functions as a coordinated molecular complex rather than
as an isolated enzymatic entity. The system generally consists of two isoforms of GAD,
which are encoded by the gadA and gadB genes, in addition to a glutamate/GABA an-
tiporter that is encoded by the gadC gene [11,13,20,23,33]. The antiporter serves a crucial
physiological function by facilitating the transport of extracellular L-glutamate into the
cytoplasm, concurrently expelling GABA that has been synthesized within the cell. This
integrated transport system maintains substrate accessibility, promotes product release,
and aids in the regulation of intracellular pH by utilizing cytoplasmic protons throughout
the decarboxylation process [13,20].

The GAD system is generally enhanced in response to acidic stress conditions, espe-
cially during the stationary growth phase [12,24]. Acidic environments serve as significant
inducers of gad gene expression, with the decarboxylation reaction playing a crucial role in
enhancing acid resistance by mitigating intracellular acidification. In addition to GABA
biosynthesis, the GAD system functions as an adaptive mechanism for acid tolerance,
thereby improving microbial survival in environments with low pH [12,24,34]. The produc-
tion of GABA is not limited to LAB; it has been documented in a variety of microorganisms,
encompassing bacteria, yeasts, and filamentous fungi [35]. Nevertheless, LAB continue to
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be the favored microbial cell factories for the production of food-grade GABA owing to their
extensive history of safe application, generally recognized as safe (GRAS), compatibility
with environmental conditions, and their established function as starter cultures in the
fermentation of food products [16,18,19,24,33].

The production of GABA on an industrial scale is significantly influenced by the
specific strain used due to considerable variability both between different species and
within the same species regarding their capacity for GABA biosynthesis. Consequently,
the choice and enhancement of high-yielding strains are essential factors influencing
commercial viability and operational efficiency [16,27,33,35,36].

The critical analysis of the outcomes and conclusions from the previously published
scientific literature indicates that, despite comprehensive characterization of the GAD path-
way, numerous mechanistic and translational gaps persist in microbial GABA biosynthesis.
Subsequent studies ought to progress from enzyme-centric analyses to comprehensive
systems-level examinations that elucidate the overarching regulatory networks governing
the expression of gadA, gadB, and gadC [11]. Integrating multi-omics methodologies with
metabolic flux analysis is essential for addressing strain-dependent variability and for es-
tablishing dependable genotype–phenotype correlations [10,18]. The dynamics of cofactors,
especially the availability of intracellular PLP, signify a potential yet insufficiently investi-
gated constraint that necessitates metabolic engineering or co-culture strategies [1,18]. The
efficiency of transport, particularly concerning the kinetics and regulatory mechanisms of
the gadC antiporter, necessitates further exploration to mitigate product accumulation and
enhance secretion efficiency [13,20]. It is crucial that the majority of insights are obtained
from synthetic media; thus, validation within intricate food matrices—where factors such
as buffering capacity, polyphenols, and substrate bioavailability affect GAD activity—is
necessary [24,37]. Recent developments in synthetic biology, the engineering of stress-
independent promoters, and the optimization of fermentation processes through artificial
intelligence present significant opportunities for the creation of high-yield strains in the next
generation [33,38]. The integration of systems biology and process engineering is essential
for the translation of microbial GABA production into scalable, stable, and functionally
effective food applications [5,10,18,26].

3. Diversity of GABA-Producing Lactic Acid Bacteria
and Strain-Level Variation

Lactic acid bacteria (LAB) constitute a phylogenetically diverse group of Gram-
positive, generally regarded as GRAS microorganisms. However, the capacity to biosynthe-
size GABA via the GAD system is highly strain-specific rather than a universal trait of the
group or even of individual species [11,16,23,27]. The presence, organization, and regulated
expression of the gadA/gadB/gadC operon, combined with intracellular cofactor (PLP) avail-
ability and environmental triggers, determine GABA productivity [12,13,20]. Consequently,
significant intra- and inter-species variability exists in GAD activity, glutamate uptake
efficiency, acid tolerance, and overall GABA yield [36,39].

While Levilactobacillus brevis and Lactiplantibacillus plantarum remain the most fre-
quently reported high-GABA producers [21,24,39–42], recent studies have identified promis-
ing strains belonging to other genera and species isolated from a wider range of ecological
niches [43,44]. These include traditional plant-based fermented foods, cereal and legume
ferments, fruit and vegetable substrates, and under-explored spontaneous fermentation
ecosystems in different geographical regions [37,42,44–48]. Such diversity offers opportuni-
ties for discovering novel, robust, and food-grade GABA-producing strains with unique
technological properties. Table 1 summarizes selected GABA-producing LAB strains, their
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isolation sources, and key production characteristics, with emphasis on expanding coverage
beyond commonly studied dairy and kimchi-associated strains [16,26].

Table 1. Selected GABA-producing LAB strains from diverse ecological niches and traditional
fermented foods.

LAB Strain Isolation Source Ecosystem Type Reported GABA
Production Key Characteristics/Notes References

Enterococcus faecium
(food-grade strains)

Traditional
fermented sausages

and cheeses
Meat/dairy ferment Variable Requires careful safety

screening (biogenic amines) [49–51]

Lacticaseibacillus
paracasei

Traditional Pico
cheese (Portugal) Dairy ferment Moderate to high Good acid tolerance and

GABA stability [18]

Lactiplantibacillus
pentosus

Spanish-style
fermented green

olives

Olive/plant-based
ferment Moderate to High

Isolated from
Mediterranean plant-based

fermented food
[52–54]

Lactiplantibacillus
plantarum

Doogh (Iranian
fermented yogurt

drink)
Dairy ferment High Robust in acidic dairy

matrices [24]

Lactiplantibacillus
plantarum B7

Fermented anchovy
sauce Fish ferment 11.68 g/L Performs well in

protein-rich matrices [55]

Leuconostoc
mesenteroides

Sauerkraut and
kimchi Vegetable ferment Low to moderate

Often co-occurs with high
producers; contributes to

flavor
[22,38,56]

Levilactobacillus brevis
F109-MD3 Kimchi (Korea) Vegetable ferment

High (up to
520 mg/L in

optimized
conditions)

Well-characterized
high-GAD strain [21]

Levilactobacillus brevis
MYSN105

Pozha (Indian
traditional fermented

food)

Cereal/legume
ferment High

Isolated from
under-explored Indian

fermented food
[57]

Pediococcus
pentosaceus

Spontaneous
fermented vegetables

(Thailand)
Vegetable ferment Moderate Emerging candidate from

Southeast Asian ferments [44]

Tetragenococcus
halophilus

Fish sauce and soy
sauce High-salt ferment Moderate Halotolerant; potential for

high-salt food applications [58,59]

Weissella
confusa/Weissella
cibaria

Nigerian fermented
cereals and cassava

African cereal/root
crop Moderate to high

Isolated from
under-explored African

fermented foods
[60]

The expanded list in Table 1 illustrates that GABA-producing capability exists across
multiple LAB genera and is not restricted to a few well-studied species [27,33,43,44]. No-
tably, several promising strains have been isolated from traditional fermented foods in
Africa, India, and Southeast Asia—ecosystems that remain relatively under-explored for
GABA-producing microorganisms [44,46,48,60].

Despite notable progress in identifying GABA-producing LAB, current knowledge
remains heavily biased toward a limited number of species (Levilactobacillus brevis and
Lactiplantibacillus plantarum) and traditional fermentation matrices (kimchi, yogurt, and
cheese) [16,26]. Significant research gaps persist regarding the distribution and performance
of GABA-producing strains in under-explored fermented ecosystems, including African
cereal and root crop ferments; Indian and Southeast Asian plant-based foods; wild sponta-
neous ferments; and non-dairy substrates such as legumes, cereals, and fruits [18,60]. Future
efforts should prioritize systematic bioprospecting campaigns in these less-studied ecologi-
cal niches, combined with high-throughput genomic and metabolic screening to establish
robust genotype–phenotype correlations [11,36]. Integration of culture-independent ap-
proaches (e.g., metagenomics) with targeted isolation strategies will be essential to uncover
novel, technologically robust, and potentially stress-tolerant GABA-producing strains [38].
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Such expanded biodiversity exploration is critical for developing next-generation starter
cultures suitable for a wider range of clean-label and sustainable functional food applica-
tions [18,26,61].

4. Optimization and Scale-Up Challenges
The production of GABA on an industrial scale using LAB requires careful optimiza-

tion of fermentation conditions, as these parameters are highly strain-specific and strongly
dependent on the food matrix [10,18]. Environmental factors affecting GABA biosynthesis
differ markedly across strains, highlighting the necessity for customized process design in-
stead of uniform operating conditions [13,35,62]. The specified parameters directly impact
microbial growth kinetics as well as the catalytic efficiency of GAD, the principal enzyme
responsible for GABA synthesis [12].

Among the operational variables, pH is the most critical factor influencing GABA
production [18,33]. The GAD system is fundamentally associated with the acid resistance
mechanism of LAB and is significantly activated under acidic stress conditions [11,12].
Maximal GAD activity is generally observed within a pH range of 3.5 to 5.0, while activity
decreases substantially as the pH approaches neutrality [16,18,36]. However, optimal pH
values can vary between strains. For example, in Lactiplantibacillus plantarum, an initial pH
of 5.5 has been shown to result in nearly double the GABA production compared to pH
4.0 [24], indicating that the optimal pH for enzyme activity may not always align with the
pH that maximizes total GABA accumulation [18]. During LAB fermentation, the gradual
acidification of the medium necessitates careful pH control, usually achieved through the
controlled addition of alkali or acid, to maintain optimal enzymatic activity and metabolic
flux [33,42,54].

Temperature is another critical parameter affecting both microbial growth and GAD
activity [18,46]. Optimal temperature ranges vary significantly depending on the strain,
typically between 30 ◦C and 55 ◦C [16,18,63]. Maximum GAD activity has been recorded in
Latilactobacillus sakei at 55 ◦C, while Lactiplantibacillus plantarum often shows peak activity
around 40 ◦C [15,18,52,55,63]. This variability underscores the importance of strain-specific
thermal profiling, especially during scale-up, where limitations in heat transfer and tem-
perature gradients can significantly impact metabolic performance.

Substrate concentration, particularly L-glutamic acid (commonly supplied as monosodium
glutamate, MSG), is equally important (Table 2). Although adequate precursor availability
enhances GABA production, excessive MSG concentrations can exert inhibitory effects on cell
growth and metabolic activity [1,18,35,45,55]. Therefore, optimization of substrate loading is
required to balance precursor availability with osmotic and metabolic stress. The cofactor PLP,
essential for GAD catalytic activity, also requires careful management. Strategic timing of PLP
supplementation has been shown to improve yields, with notable increases in GABA production
observed when PLP is added 48 h after the start of fermentation [18].

From the standpoint of food technology and consumer acceptance, the prevalent
application of MSG as a direct precursor presents notable clean-label issues. Numerous
consumers possess unfavorable views regarding the inclusion of added MSG [64]. Future
process development should focus on utilizing natural substrates rich in glutamate, such
as yeast extracts, soy, or whey protein hydrolysates [37,42]. Additionally, co-fermentation
strategies that involve proteolytic LAB or yeasts can be employed to release endogenous
glutamate from food proteins during the fermentation process [37,48]. These methods
can enhance GABA production while adhering to the clean-label and “no added MSG”
standards that are becoming more prevalent in the market [37,42,64].
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Table 2. Optimal fermentation conditions and GABA yields for selected LAB strains.

LAB Strain pH Temperature
(◦C)

Reported GABA
Yield Key Conditions/Notes References

Lactiplantibacillus plantarum 4.5–5.5 40 Up to 15–25 g/L Low initial pH critical; often
with MSG supplementation [18]

Lactiplantibacillus plantarum B7 5.5 36 11.68 g/L (in
anchovy sauce)

Co-fermentation in
protein-rich matrix [55]

Latilactobacillus sakei 5.0 55 5–12 g/L Highest GAD activity at
elevated temperature [18,63]

Levilactobacillus brevis 4.2–5.2 30–37 10–30 g/L Strain-dependent; optimal
MSG ~200–300 mM [35,45]

Levilactobacillus brevis CRL 1942 4.5–5.0 37 ~25 g/L Optimized in quinoa
sourdough medium [45]

Levilactobacillus brevis GABA100 3.5 30 High (in fruit juice) Suitable for black raspberry
juice fermentation [35]

In addition to fermentation optimization, scaling up presents further technical and eco-
nomic challenges, particularly in downstream processing. Fermentation broths are complex
matrices containing microbial biomass, residual substrates, organic acids, pigments, and
structurally similar amino acids. Achieving food- or pharmaceutical-grade purity typically
requires multi-step purification processes. Downstream processing usually begins with cell
removal through flocculation followed by filtration or centrifugation, decolorization using
adsorbent resins, and ion-exchange chromatography (IEC) for separation from other amino
acids [65–67]. Final purification is often completed via warm ethanol precipitation, which
can achieve purities exceeding 98% [66,67]. However, high purity frequently comes at the
cost of recovery efficiency. Some studies reported a final GABA purity of 98.66% but with
an overall recovery yield of only 50% [66,67]. Such significant product loss substantially
increases the cost per kg of GABA and often renders processes economically unviable at an
industrial scale without process intensification or integrated separation strategies [66,67].

According to the findings and critical analysis of the existing literature [16,26], the
industrial production of GABA by LAB remains constrained by high strain- and matrix-
specific variability in fermentation performance [16,27], limited predictive process models,
and inefficiencies in downstream recovery [10,18]. Significant research gaps persist, partic-
ularly in the development of robust computational models capable of predicting optimal
parameters across different strains and matrices; mechanistic understanding of GAD behav-
ior under real food processing conditions [39]; and high-cell-density fermentation strategies
that minimize substrate inhibition [16,41]. Furthermore, current purification technologies
often compromise yield in favor of purity, as recent reviews emphasize the advantages of
direct GABA-enriched functional food production to circumvent complex extraction and
recovery steps [16,26,61,68]. Future initiatives should focus on interdisciplinary approaches,
including machine learning-assisted process design; CRISPR (Clustered Regularly Inter-
spaced Short Palindromic Repeats)-based strain engineering for improved environmental
tolerance and GAD performance [26]; hybrid membrane–chromatography systems or
nanomaterial adsorbents to achieve recovery yields above 80%; and the integration of
techno-economic analysis and green chemistry principles [10,26,66]. Collaborative efforts
between academia and industry will be essential to translate laboratory achievements into
commercially viable and sustainable GABA production processes [16,26].

5. Food Applications: Sensory and Regulatory Aspects
Fermented foods have historically served as natural dietary sources of GABA due

to the metabolic activity of indigenous and starter LAB [14,16,19]. Recent advances in
fermentation technology using high GABA-producing LAB strains have enabled significant
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increases in GABA concentrations beyond baseline levels found in raw substrates [5,18,26].
A variety of LAB strains isolated from traditional fermented foods such as cheese, kimchi,
yogurt, and fermented soy products have demonstrated the ability to synthesize GABA in
situ through the GAD pathway [16–18,21,26,42,65]. GABA accumulation is highly variable
and depends on the specific strain used, as well as fermentation parameters including
pH, temperature, substrate availability, precursor supplementation (glutamate or MSG),
oxygen levels, and fermentation duration [5,16,18,47]. From a technological perspective,
LAB-mediated fermentation provides a flexible and scalable platform for producing GABA-
enriched functional foods [5,18,26]. Commercial strategies generally involve the use of
high-GAD-activity starter cultures, optimized fermentation protocols, and controlled pre-
cursor supplementation [18,26,43]. However, many of the highest reported GABA concen-
trations have been achieved under laboratory-optimized conditions, often with significant
MSG supplementation. These values may not be directly transferable to industrial-scale
production without compromising product quality or incurring high costs [5,18,26]. The
LAB fermentation platform has been successfully applied across multiple food categories,
including dairy, cereal-based products, fruits, vegetables, legumes, fermented beverages,
and meat products [5,16,18,26,44]. This versatility enables the development of value-added
GABA-enriched foods such as fermented milk, sourdough bread, fruit juices, plant-based
beverages, and legume-based products [37,42,45,47,68]. Table 3 provides a summary of
representative examples.

Table 3. Examples of GABA-enriched fermented foods and beverages produced using LAB.

Food/Beverage LAB Strain GABA Content Matrix Type Conditions/Notes References

Kimchi Levilactobacillus brevis
F109-MD3 520 mg/L Vegetable Inoculated with high-GAD strain

+ MSG supplementation [21]

Fermented anchovy
sauce

Lactiplantibacillus
plantarum B7 11.68 g/L Fish sauce Natural fermentation in

protein-rich matrix [55]

Kimchi Levilactobacillus brevis
OPK 2–59 180 mg/kg Vegetable Supplemented with MSG [43]

Yogurt Levilactobacillus brevis
CGMCC1.5954 147.36 mg/100 mL Dairy Optimized laboratory conditions

with precursor addition [19]

Fresh cheese Lactiplantibacillus
plantarum L10 & L11 11.30 mg/100 mL Dairy Co-fermentation during

cheese making [69]

Black soybean milk Levilactobacillus brevis
FPA 3709 ~200–300 mg/L Plant-based Fermented black soybean milk [40]

5.1. Sensory Considerations

Although GABA enrichment is technically feasible through microbial fermentation
with LAB [16,18,24,39], optimizing sensory attributes remains a significant challenge in
product development. GABA itself contributes a mildly bitter (or umami-like) taste at
higher concentrations, and excessive precursor supplementation (such as MSG/glutamate)
or prolonged fermentation can negatively affect flavor, aroma, texture, or color of the
final product through byproducts, acidity shifts, or gel instability [5,26,61]. Therefore,
product development must balance biochemical enhancement of GABA synthesis with the
preservation of desirable sensory characteristics [5,61,68].

Several technological strategies can be employed to mitigate GABA-associated bitter-
ness or off-notes while maintaining product quality. These include microencapsulation
or spray-drying with carriers such as maltodextrin or gum arabic [61,70], complexation
with cyclodextrins [71], incorporation into high-fat or high-protein dairy matrices where fat
globules and casein micelles effectively mask bitterness through enhanced mouthfeel and
flavor partitioning [61,68], and strategic blending with complementary flavors (e.g., citrus,
vanilla, or subtle umami modulators). Systematic descriptive sensory analysis combined
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with consumer testing across target demographic segments is recommended to optimize
formulations while maintaining the intended health positioning [26,61,72,73].

Research on consumer acceptance indicates that intrinsic product attributes—particularly
taste, aroma, mouthfeel, and overall palatability—are key determinants of purchase inten-
tion [72–75]. While health benefits drive initial interest in functional foods, sensory attributes
ultimately determine continued consumption [72]. Some studies suggest that demographic
factors such as age and gender may influence sensory expectations and acceptance [5,72];
however, these differences should be interpreted cautiously and validated through targeted
consumer research rather than generalized assumptions.

5.2. Regulatory and Market Perspectives

The long-standing presence of GABA in traditionally fermented foods provides indi-
rect evidence supporting its safety at customary dietary exposure levels [5,14]. Regulatory
classification of GABA varies across jurisdictions depending on whether it is considered
a naturally occurring constituent, a functional ingredient, or a novel food component. In
many regions, GABA-enriched products are marketed as functional foods or dietary supple-
ments, subject to specific labeling and health claim regulations [26,61]. Manufacturers must
comply with regional frameworks governing health claims, safety assessments, and per-
missible levels of bioactive compounds. The growing consumer interest in health-focused
foods has increased demand for naturally fermented products with potential benefits such
as blood pressure modulation, glycemic regulation, and stress reduction [1,5,7,72,73,75].

5.3. Disagreements, Gaps in Understanding, and Potential

Significant discrepancies exist in the interpretation of reported GABA yields across studies.
These arise from methodological inconsistencies in quantification techniques (different chro-
matographic methods, derivatization protocols, and matrix effects), variations in fermentation
scale (laboratory vs. pilot/industrial), and inconsistent reporting units [16,65–67]. Extreme
values reported in certain yogurt or sourdough systems often reflect highly optimized laboratory
conditions with substantial precursor supplementation, which may not translate to real-world
matrices without compromising product quality or increasing costs [5,17,26,45,68].

Important knowledge gaps remain. There is a scarcity of extensive, well-designed
human clinical trials that establish causal relationships between consumption of specific
GABA-enriched fermented foods and health outcomes such as stress reduction, blood
pressure regulation, or improved sleep quality [5,7,26,61,76,77]. The long-term stability of
GABA during processing (e.g., pasteurization, drying) and storage, as well as its behavior
during gastrointestinal digestion, has not been fully elucidated [5,8]. Furthermore, sensory
trade-offs associated with high GABA levels or excessive MSG use are frequently de-
scribed qualitatively, but systematic quantitative sensory profiling across different matrices
and consumer groups is lacking [64,71,72]. Regulatory fragmentation across jurisdictions
also creates challenges in substance classification, health claim substantiation, and the
establishment of harmonized safety data [26].

To improve the clarity and accessibility of the identified research gaps and opportuni-
ties, a graphical summary is proposed (Figure 3). This visual representation consolidates the
major scientific, technological, and translational challenges discussed above and highlights
corresponding strategic priorities for future research and development.
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Figure 3. Key knowledge gaps and strategic research priorities for advancing GABA-enriched fer-
mented foods using LAB. The development and marketing of fermented foods enhanced with GABA
are hindered by significant gaps in scientific and translational knowledge, which are illustrated
schematically, along with the related research goals. Here are four important areas that need to be
explored further: (1) Limited Clinical Evidence, emphasizing the need for large-scale randomized
controlled trials (RCTs) using GABA-enriched fermented foods, standardized GABA quantification,
microbiome profiling, biomarker validation, and dose–response evaluation [5,26,61]; (2) Insufficient
Stability and Bioavailability Data, focusing on systematic assessment of GABA stability during
industrial processing and storage, as well as comprehensive in vitro (INFOGEST protocol) and
in vivo bioavailability studies to elucidate matrix-dependent GABA release and absorption [5,8,70];
(3) Lack of Quantitative Sensory Data, underscoring the importance of standardized sensory profil-
ing, consumer acceptance studies, bitterness-masking technologies, and demographic-based market
segmentation [71,72]; and (4) Regulatory and Safety Fragmentation, highlighting the need for com-
prehensive genomic safety assessment of production strains, harmonized regulatory data packages,
and international collaboration to establish consistent guidelines for GABA-enriched fermented
foods [26,39,44]. The overarching goal of this research agenda is to expedite the creation of GABA-
enriched functional foods that are safe, effective, and commercially viable; improve product quality
and consumer acceptance; ensure regulatory compliance; and generate robust scientific evidence.

Future progress will require multi-omics approaches (genomics, metabolomics, and
transcriptomics) combined with response surface methodology (RSM) or machine learning
to optimize fermentation processes while minimizing sensory defects [11,27,38,39,54]. Com-
prehensive RCTs that include standardized GABA quantification, microbiome profiling,
and validated biomarkers are essential to substantiate health claims [5,26,76]. Advances in
clean-label precursor delivery (using natural glutamate-rich substrates or co-fermentation
strategies) and bitterness-masking technologies will be critical to improve consumer ac-
ceptability [18,48,71]. Coordinated efforts to develop standardized safety documentation
and harmonized regulatory guidelines will further support market growth. Addressing
these gaps through interdisciplinary research will enable the development of reproducible,
effective, and appealing GABA-enriched functional foods.
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6. Implications for the Development of GABA-Enriched
Functional Foods

The biotechnological synthesis of GABA through LAB in food-grade fermentations
offers a unique foundation for the advancement of functional foods. In contrast to purified
supplements, the GABA present in these products is produced in situ through the GAD
system of specific LAB strains [16,18,26]. Yield and the associated metabolite profiles are
influenced by fermentation parameters such as pH, which is generally optimal in the range
of 4.5 to 5.5; temperature; availability of glutamate substrates; incubation duration; and
co-culture strategies [12,18,26,41,42,54]. The resulting food matrix, which includes live or
attenuated microorganisms, organic acids, bioactive peptides, and exopolysaccharides, has
the potential to affect GABA stability, gastrointestinal release kinetics, local gut signaling,
and interactions with the gut–brain axis [8,26,61,68]. Matrix-embedded characteristics set
fermented products apart from isolated GABA and should be carefully taken into account
when analyzing clinical data or planning intervention studies [5,8,26,78].

Clinical evidence regarding GABA’s impact on sleep and blood pressure primarily stems
from studies on supplements or extracts, providing valuable mechanistic and dosing informa-
tion pertinent to the advancement of functional food development [4,5,7,79]. GABA serves as
the primary inhibitory neurotransmitter within the CNS, diminishing neuronal excitability by
activating GABA_A and GABA_B receptors, which in turn facilitates anxiolytic and sedative
effects [2,4]. Exogenous GABA shows restricted permeability across the BBB, often referred to as
the “GABA paradox.” This results in only slight or insignificant increases in both circulating and
central levels, even when administered at high doses [3,4,8,26]. Peripheral mechanisms are likely
at play, facilitated by vagal afferent activation, direct modulation of the enteric nervous system,
immune signaling, or alterations in microbiota composition that affect brain function through the
gut–brain axis [2,4,5,8,9,80,81].

In LAB-fermented food systems, these peripheral pathways are especially signifi-
cant [81,82]. Viable strains that produce GABA could facilitate localized generation of
GABA or associated signaling molecules within the gut lumen following ingestion. Ad-
ditionally, co-produced metabolites such as short-chain fatty acids, along with matrix
components like proteins, fibers, and pH levels, have the potential to influence gastric
emptying; safeguard GABA from swift degradation; modify local concentrations at epithe-
lial and immune interfaces; and enhance interactions between the microbiota, gut, and
brain [2,8,22,26,61,78,82]. As a result, the pharmacokinetic and efficacy characteristics seen
with purified GABA supplements cannot be directly applied to whole fermented foods;
the intricate matrix may alter the effective dose, onset, duration, or even the range of
physiological responses [5,8,26].

In support of this distinction, a randomized, double-blind, placebo-controlled trial re-
vealed that a daily dosage of 300 mg of naturally sourced GABA, obtained from fermented
rice germ, significantly enhanced total sleep duration and decreased sleep onset latency in
adults experiencing insomnia symptoms [76]. The findings indicated good tolerability and
an absence of the adverse effects commonly associated with traditional hypnotics [26,76].
This material of fermented origin serves as a more relevant conceptual parallel to functional
food applications compared to synthetic supplements. In pediatric populations, the existing
evidence is still in its early stages: a randomized, double-blind, placebo-controlled trial
(ClinicalTrials.gov identifier NCT06226259) is currently assessing the effects of 100 mg/day
GABA supplementation over a 14-day period on sleep onset latency and markers of emo-
tional and cognitive development in children aged 6–12 years [77]. However, there is
a lack of data regarding whole fermented food matrices in this demographic. Clinical
observations indicate that GABA intake may lead to slight, temporary reductions in blood
pressure, possibly through mechanisms involving peripheral vasodilation or autonomic
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regulation [4,5,26]. In the realm of functional foods, such effects necessitate validation
at concentrations attainable within typical serving sizes of the particular product, along-
side an evaluation of potential additive hypotensive risks for individuals undergoing
antihypertensive treatment.

Despite these indications, substantial human clinical data specifically investigating health
outcomes from the consumption of LAB-fermented, GABA-enriched foods (as opposed to ex-
tracts or supplements) are still limited [5,8,26,61,79]. Larger-scale, long-term, and meticulously
designed RCTs are crucial before any definitive claims can be made regarding the applications
of functional foods. Future research should integrate standardized measurements of GABA
and other bioactive compounds in the final product, thorough microbiome analysis, and vali-
dated mechanistic biomarkers (such as heart rate variability for vagal tone, SCFA profiles, and
inflammatory markers) along with product-specific outcomes [2,8,9].

Key technical priorities for development include the following:
(1) Selection of strains and optimization of fermentation parameters are essential

to attain desired GABA concentrations, typically ranging from 50 to 500 mg/L or more,
influenced by the specific matrix and conditions, with instances of several hundred mg/L
observed in dairy and juice systems. It is crucial to maintain sensory quality, ensure
microbial safety, and enhance shelf-life stability [16–18,26,36,37,39,42,78].

(2) Assessment of GABA retention and bioaccessibility throughout downstream pro-
cessing, storage, and simulated gastrointestinal digestion in potential carriers such as fruit
juices, dairy beverages, or cereal matrices [5,26].

(3) Comprehensive evaluation of matrix–GABA interactions that could either amplify
or diminish peripheral efficacy and gut–brain communication [2,8,9,26].

(4) Exploration of possible interactions or conflicts between GABA and various com-
pounds produced during fermentation, focusing on their effects on sleep patterns, stress
resilience, or the regulation of blood pressure [8,22,26].

In short, initial clinical observations—especially those utilizing GABA derived from
fermentation—indicate possible advantages for sleep quality and slight regulation of
blood pressure through mechanisms involving the peripheral and gut–brain axes [2,7,76].
However, significant translational gaps remain regarding the application of functional
foods [8,26]. Addressing these gaps requires a cohesive approach to research that clearly
connects LAB physiology and fermentation engineering with matrix effects and focused
human trials [5,26,61]. Implementing this strategy will be essential for determining safe and
effective intake levels from whole foods, validating health claims, and promoting GABA-
enriched fermented products as scientifically supported alternatives for applications related
to sleep, anxiety, and cardiovascular health.

7. In Situ Fortification of GABA in Food by Fermentation with Lactic
Acid Bacteria

Lactic acid bacteria (LAB) can be widely employed in food fermentation without pos-
ing serious regulatory or safety issues for human consumption since they are GRAS [83–86].
This status, along with their long history of use in traditional fermented foods and their
ability to produce bioactive compounds, makes LAB perfect microbial factories for directly
fortifying GABA in food matrices [78,87–89]. Anxiolytic, antihypertensive, antidiabetic,
antioxidant, and sleep-promoting effects are just a few of the physiological advantages
of GABA, the main inhibitory neurotransmitter in the mammalian central nervous sys-
tem [8,90,91]. Due to clean-label preferences, potential regulatory limits in some countries,
and the desire for “natural” functional foods, consumers are resistant to chemical synthesis
or direct addition of synthetic GABA to meals [61,91]. By using the GAD system to convert
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L-glutamate (or MSG) into GABA while consuming a proton, in situ production via LAB
fermentation gets around these restrictions (Figure 4A) [13,33,78,88].

Figure 4. Schematic overview of in situ GABA fortification in fermented foods using LAB: (A) Dia-
gram depicting the GAD pathway that facilitates microbial GABA biosynthesis in acidic environments.
Environmental acid stress triggers the expression of the gad operon (such as gadB/gadC), which boosts the
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activity of GAD [11,12,20]. With the involvement of the cofactor PLP, L-glutamate undergoes an
irreversible decarboxylation process to form GABA, accompanied by the release of CO2. This reaction
utilizes intracellular protons, playing a significant role in maintaining cytoplasmic pH balance, en-
hancing acid tolerance, promoting cellular survival, and optimizing fermentation efficiency [13,16,88].
The panel underscores significant regulatory elements that affect GABA synthesis, such as the avail-
ability of substrates (glutamate), pH levels, temperature, PLP concentration, and the genetic potential
specific to different strains [15,23,33]. (B) Food matrices that are ideal for in situ GABA enrichment
via LAB fermentation encompass a variety of options. These include dairy products such as yogurt,
kefir, cheese, and fermented milk. Additionally, plant-based foods like soy yogurt, tempeh, miso,
and kimchi, as well as cereal and vegetable fermentations, are also suitable. Furthermore, fermented
meat products, including sausages and cured meats, contribute to this diverse range [5,14,22,26].
Common high-GABA-producing LAB species include Levilactobacillus brevis, Lactiplantibacillus plan-
tarum, Limosilactobacillus reuteri, Leuconostoc mesenteroides, Pediococcus pentosaceus, Weissella cibaria,
and Latilactobacillus sakei, which are recognized as key microbial biocatalysts [17,19,24,39]. GABA
concentrations reported show significant variability influenced by factors such as microbial strain,
substrate composition, fermentation conditions, and analytical techniques. Typically, these concen-
trations range from several hundred milligrams per liter to over 2 g/L in optimized fermentation
processes [18,42,92]. (C) Overview of the procedural framework for developing GABA-enriched
fermented foods. The process encompasses the isolation of strains and screening for phenotypes that
produce high levels of GABA, preparation of starter cultures, and the optimization of various fermen-
tation parameters such as pH, temperature, fermentation duration, glutamate addition, inoculum
size, and oxygen levels. Additionally, there may be an optional phase involving symbiotic or mixed-
culture fermentations with compatible probiotic microorganisms or yeasts to improve metabolic
efficiency. This is followed by a thorough assessment of post-fermentation quality, quantification of
GABA, sensory evaluation, stabilization of the product, packaging, and ensuring compliance with
regulatory standards [10,18,36]. The integrated workflow demonstrates the synergy of microbial
selection, metabolic optimization, and process engineering in fostering the sustainable production of
naturally GABA-enriched functional foods. These foods boast enhanced nutritional value, probiotic
functionality, clean-label attributes, and potential health benefits, such as promoting gut health, mod-
ulating stress, and regulating blood pressure [1,4,7,8]. Values presented reflect commonly reported
ranges in the literature and may differ based on fermentation conditions, food matrix, and analytical
methods employed [5,26].

The GAD pathway serves as the primary mechanism for GABA biosynthesis in LAB
(Figure 4A) [16,88]. It generally entails an enzyme known as GAD, which is dependent
on PLP and is encoded by either gadB or gadA. This process is frequently associated with
a glutamate/GABA antiporter, identified as gadC [8,13,33,93]. In acidic environments
typically encountered during lactic fermentation, the system is activated, offering a pro-
tective function for the cell while simultaneously enhancing the surrounding medium
with GABA [8,13,33]. Species that are commonly recognized as effective producers en-
compass Lactiplantibacillus plantarum, Levilactobacillus brevis, members of the Lactobacillus
plantarum group, and Streptococcus thermophilus, along with specific strains of Lactococ-
cus and Pediococcus [16,94,95]. Strain-to-strain variability is significant; high-performing
isolates are capable of converting considerable portions of available glutamate under
optimized conditions, whereas others yield only minimal amounts (Figure 4B). Recent
studies conducted between 2023 and 2026 have highlighted the effective implementation
of in situ fortification within various food systems [61,78,96–98]. In the realm of dairy
matrices, yogurt and fermented milk enriched with GABA have emerged as the most exten-
sively researched products [91,97]. Optimization of fermentation parameters—temperature
(typically 37–43 ◦C), inoculation level (generally 2–8%), sucrose or other carbohydrate
supplementation, and controlled addition of L-MSG (0.5–1.5 g/L)—has resulted in GABA
concentrations approaching approximately 75 mg/100 g of yogurt after 40 h of fermentation
with Levilactobacillus brevis CGMCC 1306, often in co-culture with S. thermophilus [96,97].
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Mixed-culture strategies leverage symbiotic interactions: S. thermophilus quickly acidi-
fies the medium and releases peptides that enhance the growth and GAD activity of the
main GABA producer. Meanwhile, the final product maintains commercial-grade viscosity,
water-holding capacity, viable cell counts exceeding 108 CFU/mL, and sensory acceptability
throughout refrigerated storage [61,97,99].

Plant-based substrates have garnered significant interest with the increasing popularity
of alternative proteins and dairy-free functional beverages [100–104]. Legume flours and
beverages, inherently abundant in free glutamate, provide outstanding foundations [37].
Screening of Lactiplantibacillus plantarum strains derived from traditional fermented foods
has revealed isolates that can produce over 2 g/L of GABA in vitro when cultured in MRS
medium enriched with elevated levels of MSG [37,55]. When utilized as mixed starters
in a legume-based beverage devoid of exogenous MSG, these strains produced a notable
GABA enrichment (around 7 mg/L) after 24 h at 30 ◦C. This indicates the potential for
fortification without any additives, provided that the raw materials offer an adequate
supply of precursors [37]. Comparable methodologies have been utilized for soy-based
yogurt alternatives, orange juice, and various fruit or vegetable matrices. In these cases,
RSM has been employed to optimize pH, temperature, and substrate concentrations to
achieve maximal GABA accumulation while maintaining sensory quality [42,89,105–107].

Fermented meat products, exemplified by Vietnamese nem chua, showcase the ad-
vancement of fermentation technology beyond its traditional applications in dairy and
plant-based beverages [94,95]. Co-inoculation of Lactiplantibacillus plantarum and Pediococ-
cus acidilactici, along with optimized levels of seasoning (salt, sugar, and MSG), resulted
in GABA concentrations surpassing 8 mg/g [95]. Packaging selection (polyethylene vs.
polypropylene) significantly affected GABA retention and microbial stability throughout
storage, underscoring the critical role of post-fermentation process design (Figure 4C) [95].
These findings highlight that in situ GABA fortification can be effectively applied to both
conventional and innovative fermented foods [94,95].

Advancements in technology have significantly expedited progress across various
domains [92]. High-throughput screening of food-derived isolates is continuously broaden-
ing the range of GRAS GABA producers [108,109]. Optimization of culture media and the
application of statistical experimental designs, such as factorial designs, steepest-ascent
methods, and central-composite designs, consistently enhance yields from several g per L
to over 30 g/L in laboratory settings. However, the transfer of these results to intricate food
matrices is less pronounced due to factors like reduced free glutamate availability, com-
peting metabolic pathways, and the influence of the matrix on enzyme activity [55,95,105].
Genomic and transcriptomic analyses have delineated the distribution of gad genes through-
out LAB genomes, facilitating the informed selection of strains possessing resilient GAD
systems and their corresponding transporters [23,24,92]. While the complete metabolic
engineering of food-grade LAB faces limitations due to regulatory issues surrounding
genetically modified organisms in various markets, specific strategies—such as the overex-
pression of gadB, enhancement of PLP cofactor availability, or the elimination of compet-
ing pathways—have been successfully shown in model systems and present promising
avenues for developing industrial strains [23,92,110]. Innovations at the process level
encompass accurate control of pH and temperature, the sequential addition of precursors,
and co-fermentation techniques that integrate GABA production with various functional
characteristics such as exopolysaccharide synthesis, vitamin generation, or bacteriocin
activity [41,75,83,95,97,111,112].

Current market and scientific trends align on the emergence of clean-label functional
foods that provide quantifiable health advantages devoid of synthetic additives [26,92].
There has been a notable increase in consumer interest in products that promote men-
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tal wellness, manage blood pressure, and support metabolic health, leading to a rise in
GABA-enriched yogurts, plant-based beverages, and snack options [26,78]. Regulatory
frameworks in numerous areas promote in situ generation rather than direct fortification,
enhancing the attractiveness of LAB-based methods [24,113–115]. Recent developments in
analytical techniques, such as UPLC-MS/MS and enzymatic assays, enable precise mea-
surement of GABA, even at the low concentrations commonly found in food matrices. This
progress supports both research initiatives and quality control efforts [92,96].

Nonetheless, various obstacles remain. GABA concentrations found in natural foods
are often significantly lower than those produced in controlled laboratory conditions,
which restricts the amount that can be effectively administered in a typical serving
size [37,92,106]. Strain performance is significantly influenced by the matrix, requiring
thorough re-optimization when transitioning between different food systems [37,92]. Sen-
sory attributes may be influenced by residual glutamate, changes in acidity profiles, or
the presence of secondary metabolites [96,97,116]. It is essential to confirm the storage
stability of both the GABA molecule and the organisms responsible for its production under
commercial conditions [95,97,117]. Scaling up from laboratory to industrial fermentation
brings forth new factors such as oxygen transfer, heat dissipation, and variability in raw
materials [92,95]. Ultimately, while LAB are recognized as GRAS, the intentional incorpora-
tion of MSG as a precursor may lead to labeling and consumer perception challenges in
specific markets. However, utilizing natural glutamate-rich substrates provides a potential
solution to navigate this limitation [26,37].

Anticipating future developments, the combined use of multi-omics data, machine
learning-driven process enhancement, and synthetic biology tools designed for food-grade
organisms is projected to bridge the divide between laboratory capabilities and com-
mercial viability [92,117,118]. Expanding into less-explored areas—such as cereal bev-
erages, fermented vegetables, and hybrid plant–dairy systems—will enhance product
diversity [24,37,92]. Clinical validation of the health benefits of GABA obtained through
these foods, as opposed to isolated supplements, continues to be a significant area of re-
search [26,97]. An ongoing focus on non-GMO, traditional, and regionally adapted starter
cultures will facilitate the alignment of technological advancements with cultural food
practices and regulatory acceptance [24,37,95].

In short, the GRAS status of LAB establishes a robust basis for the safe and consumer-
acceptable in situ fortification of GABA. By employing systematic strain selection, optimiz-
ing processes, and designing thoughtful matrices, researchers and industry professionals
have shown that fermented foods can be naturally enhanced with this valuable bioactive
compound. Continuous advancements in technology are set to enhance yields, improve
consistency, and expand applications, establishing GABA-enriched fermented products as
a notable addition to the functional food sector in the upcoming decade.

8. Future Perspectives and Challenges
The future development of GABA production by LAB and its integration into func-

tional foods and health applications represents a rapidly evolving interdisciplinary field.
Despite significant advances in understanding the GAD pathway, strain diversity, and key
bioprocess parameters, the translation of laboratory findings into reliable, scalable, and
commercially viable systems continues to face several persistent challenges. These include
high strain- and matrix-specific variability, inefficiencies in downstream processing, limited
predictive modeling capabilities, insufficient long-term clinical validation, and regulatory
fragmentation across jurisdictions. To address these bottlenecks, a coordinated and priori-
tized research agenda is required. Table 4 and Figure 5 outline the key strategic research
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priorities, focusing on areas with the highest potential to enable scalable, evidence-based,
and sustainable applications of LAB-derived GABA in functional foods.

Table 4. Strategic research priorities for the development of scalable, evidence-based GABA-enriched
functional foods using LAB.

Research Domain
Key Challenges, Critical

Scientific Limitations and
Technical Gaps

Future Directions and Strategic
Priorities Expected Impactful Outcomes

Systems biology of GABA
biosynthesis

Incomplete understanding of gad
operon regulation, strain-specific
metabolic flux, and intracellular
PLP homeostasis under
food-matrix conditions

• Integrate multi-omics
(genomics, transcriptomics,
metabolomics, fluxomics)
with genome-scale
metabolic models

• Validate models in real food
matrices

Reliable genotype–phenotype
maps for rational strain selection
and engineering

High-performance
GABA-producing strains

High intra- and inter-species
variability; limited food-grade
genetic tools; risk of biogenic
amine formation

• Apply adaptive laboratory
evolution + CRISPR-based
editing in GRAS strains

• Develop high-throughput
screening platforms linked
to gad operon activity

Stable, high-yielding,
regulatory-compliant industrial
strains

Fermentation process robustness

Strong strain- and matrix-specific
responses; substrate inhibition at
high cell density; poor predictive
models

• Develop
machine-learning-assisted
fed-batch strategies with
real-time monitoring

• Use low-cost, glutamate-rich
agro-byproducts as
substrates

Reproducible, cost-effective
processes transferable from lab to
pilot scale

Downstream recovery and
purification

Low recovery yields (<70%) at
high purity (>98%); high solvent
and energy consumption

• Design hybrid membrane–
chromatography or in situ
product removal systems

• Target >80% recovery at
food-grade purity

Economically viable industrial
production with reduced
processing costs

Food matrix integration and
sensory quality

Bitterness of GABA; flavor defects
from high MSG use; limited

stability data during
processing/storage

• Develop clean-label
strategies using natural
glutamate sources and
co-fermentation

• Apply encapsulation or
matrix engineering for
bitterness masking

Consumer-acceptable
GABA-enriched products with

clean-label positioning

Clinical evidence and health claim
substantiation

Most data from purified GABA
supplements; poor extrapolation

to fermented foods; limited
long-term human trials

• Conduct well-powered
RCTs on GABA-enriched
fermented foods with
standardized GABA
quantification and
microbiome endpoints

• Establish dose–response
relationships

Substantiated health claims
supported by food-matrix-specific

evidence

Regulatory readiness and
sustainability

Fragmented global regulations;
lack of techno-economic and

life-cycle assessments

• Generate comprehensive
safety dossiers (antibiotic
resistance, biogenic amines)

• Perform techno-economic
analysis and life-cycle
assessment for selected
processes

Faster regulatory approval and
sustainable commercial pathways
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Figure 5. Translational roadmap for developing scalable, evidence-based GABA-enriched functional
foods using LAB. The roadmap presents a structured five-stage framework for converting labo-
ratory findings into commercially viable GABA-enriched functional foods. The process initiates
with (1) Discovery, which encompasses the identification of LAB strains that produce high levels of
GABA and the detailed examination of GABA biosynthetic pathways utilizing systems biology and
strain characterization techniques. (2) Strain Development emphasizes the engineering and selection
of safe, food-grade, high-performance LAB strains through the utilization of advanced breeding
techniques, adaptive evolution, and genome-editing methodologies. (3) Bioprocess and Recovery
focuses on enhancing fermentation conditions, scaling up processes, and effectively recovering and
purifying food-grade GABA using sustainable downstream technologies. (4) Food Product Devel-
opment incorporates GABA into clean-label food matrices, enhancing sensory quality, stability, and
consumer acceptance. Ultimately, (5) Clinical and Regulatory Validation encompasses the generation
of substantial clinical evidence, the establishment of dose–response relationships, the demonstration
of product safety, and the acquisition of regulatory approval for health claims. Dashed feedback loops
emphasize the cyclical process of innovation, where fresh biological insights, product efficacy, clinical
results, and consumer responses consistently guide strain enhancement, process refinement, and
product reconfiguration, thus expediting the creation of scalable, safe, and scientifically substantiated
GABA-enriched functional foods.

Significant obstacles remain in achieving consistent performance across strains and
in translating laboratory successes into industrial processes. Although high-yielding LAB
strains have been identified, notable variability in GAD expression, glutamate uptake
kinetics, cofactor utilization, and stress resilience continues to limit predictability in real
food matrices. Downstream processing remains a major bottleneck, as multi-step purifi-
cation methods often achieve high purity at the expense of recovery efficiency, under-
mining techno-economic viability. Sensory challenges, particularly the bitterness associ-
ated with GABA and off-flavors from excessive MSG supplementation, further constrain
consumer acceptance.

To overcome these limitations, a systems-level approach is essential. The integration
of multi-omics technologies, synthetic biology, and artificial intelligence-driven process
optimization offers powerful tools for next-generation strain development and bioprocess
design. Advanced fermentation strategies, including fed-batch and continuous systems
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with real-time monitoring, combined with hybrid downstream separation technologies,
have the potential to significantly improve both yield and recovery. Simultaneously, greater
emphasis must be placed on clean-label approaches, matrix-specific formulation strategies,
and rigorously designed human clinical trials that evaluate GABA-enriched fermented
foods rather than purified supplements alone. Coordinated efforts between academia and
industry, supported by techno-economic analyses and life-cycle assessments, will be critical
to transforming microbial GABA production from a promising biotechnological concept
into a scientifically validated and economically sustainable platform for functional foods
and preventive nutrition.

9. Conclusions
This review has provided a critical and updated synthesis of GABA production by

LAB and its potential applications in functional foods and health. Unlike many previous
overviews, this work has emphasized the highly strain-specific nature of GABA biosyn-
thesis, rather than generalizing across genera or species, and has critically examined the
techno-economic bottlenecks, clean-label challenges, and limitations in translating labo-
ratory findings into industrial and clinical applications. By expanding the coverage of
GABA-producing strains to include taxa from under-explored fermented ecosystems and
by redesigning key summary tables for greater clarity and utility, this review offers a
more comprehensive and practically oriented perspective than earlier works. The analysis
reveals that while the GAD system provides an efficient metabolic route for GABA pro-
duction in selected LAB strains, significant variability in performance, limited predictive
bioprocess models, and inefficiencies in downstream recovery continue to hinder industrial
translation. Furthermore, reliance on MSG supplementation raises clean-label concerns,
while the majority of existing clinical evidence is derived from purified GABA rather than
GABA-enriched fermented foods. These limitations underscore the need for more rigorous,
matrix-specific validation and well-designed human trials. Moving forward, coordinated
interdisciplinary efforts that integrate systems biology, synthetic biology, advanced bio-
process engineering, and clinical research will be essential. Priority should be given to the
development of robust, food-grade strains, predictive process models, efficient downstream
technologies, clean-label formulations, and robust clinical evidence specific to fermented
food matrices. By addressing these interconnected challenges, microbial GABA production
has the potential to evolve from a promising biotechnological concept into a scientifically
validated and commercially sustainable foundation for next-generation functional foods
aimed at supporting mental health, stress resilience, and overall well-being.
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