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Abstract: The gut-brain axis (GBA) is a bidirectional communication system connecting the gastrointestinal tract
and the central nervous system through neural, endocrine, and immune pathways. Growing evidence suggests that
the gut microbiota plays a central role in regulating mood and mental health. This conceptual paper proposes an
integrative framework that explores how “smart probiotics”- genetically engineered or selectively enhanced
microbial strains -can modulate mood via the GBA. Unlike conventional probiotics, smart probiotics are designed
to detect specific environmental or physiological signals within the gut and respond with targeted actions, such as
producing neurotransmitters (e.g., GABA, serotonin) or anti-inflammatory compounds. The framework outlines
five core mechanisms: neurotransmitter production, immune modulation, gut barrier maintenance, vagus nerve
stimulation, and responsive behaviour based on host conditions. Moreover, it highlights the use of synthetic biology
and recombinant DNA technology to design microbial strains with precise therapeutic functionalities. These next-
generation probiotics can act locally within the gut to alleviate inflammation, restore microbiota balance, and
contribute to mood stabilization. The manuscript also emphasizes the importance of integrating nutrition science, as
dietary components like prebiotics and polyphenols can enhance the efficacy of smart probiotics. Finally, the paper
outlines future research directions, including the need for biomarker identification, clinical validation, and ethical
considerations related to the application of genetically modified organisms in mental health interventions. This
integrative approach reinforces the emerging role of smart probiotics as a promising tool in personalized
psychobiotic therapies for mood regulation.
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1. Introduction

The gut-brain axis (GBA) represents a complex bidirectional communication system between the gastrointestinal
tract and the central nervous system, involving neural, hormonal, and immunological pathways. Recent studies have
highlighted the significant role of the gut microbiota in modulating this axis, influencing mood and cognitive
functions (Liu et al., 2024). Probiotics, particulatly strains from the Lactobacillus and Bifidobacterium genera, have been
shown to impact mental health positively (Sabit et al., 2023; da Anuncia¢io et al., 2024; Santos et al., 2024). The
emergence of "smart probiotics," genetically engineered or selectively bred strains with targeted functional
capabilities, offers new avenues for therapeutic interventions. These probiotics are designed to sense environmental
cues within the gut and respond with specific beneficial actions, such as enhanced production of neurotransmitters
or anti-inflammatory metabolites (Turroni et al, 2022). This manuscript proposes a conceptual framework
integrating microbiology, neuroscience, and nutrition to eclucidate how smart probiotics may influence mood
through modulation of the GBA.

2. Background and Theoretical Foundations
2.1. Gut-Brain Axis: Structure and Function

GBA encompasses interactions among the central nervous system, the enteric nervous system, the neuroendocrine
and neuroimmune systems, and the gut microbiota. Key components include the vagus nerve, which facilitates
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neural communication, and microbial metabolites like short-chain fatty acids (SCFAs) that influence brain function
(Carabotti et al., 2015; Magalhaes-Guedes, 2022) (Figure 1).
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Figure 1: Gut-Brain Axis
2.2. Mood Regulation and Neurobiological Mechanisms

Mood disorders, such as depression and anxiety, are associated with dysregulation of neurotransmitters (e.g.,
serotonin, dopamine, GABA), neuroinflaimmation, and stress-related hormonal pathways like the hypothalamic-
pituitary-adrenal (HPA) axis. Alterations in gut microbiota composition can impact these systems, thereby affecting
mood (Foster & Neufeld, 2013).

2.3. Probiotics and Psychobiotics: From Classic to Smart Strains

Traditional probiotics have demonstrated psychotropic effects, including reduced anxiety and depressive symptoms.
Psychobiotics are defined as live organisms that, when ingested in adequate amounts, confer mental health benefits
(Magalhdes-Guedes, 2022). Smart probiotics represent an advanced concept, encompassing strains engineered or
selectively bred for enhanced metabolic activity, targeted neurotransmitter production, or improved gut
colonization (Cryan & Dinan, 2012). Furthermore, smart probiotics can be programmed to deliver therapeutic
molecules, adapt to host physiology, and interact dynamically with the native microbiota (Olle, 2013). Recent
innovations have also explored the use of synthetic biology to design probiotic chassis that can sense inflammation
markers and release anti-inflaimmatory peptides accordingly (Isabella et al., 2018).
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The development of smart probiotics for the diagnosis and treatment of inflaimmatory bowel diseases (IBD)
involves the application of recombinant DNA technology. This process utilizes molecular biology tools to insert a
foreign DNA fragment into a plasmid vector—such as the pGEM-T vector system I (PROMEGA) - creating a
recombinant plasmid (Virolle et al., 2020; Ma et al., 2022). The engineered plasmid is subsequently introduced into
highly competent bacterial strains, such as Escherichia coli JM109, through transformation techniques like
electroporation. These inserted DNA fragments carry specific genes responsible for the synthesis of recombinant
proteins of therapeutic interest. Figure 2 demonstrates the three steps (Genetic Design, Transformation and

Screening) for the genetic transformation process to form a microorganism with Smart Probiotic characteristics
(Virolle et al., 2020; Ma et al., 2022):
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Figure 2 The Smart Probiotic Technique

Genetic Design: A gene of interest is selected based on the desired function (e.g., production of serotonin, anti-
inflammatory peptides, or sensing molecules). This gene is inserted into a plasmid or synthetic DNA construct.

Transformation: The recombinant DNA is introduced into the probiotic strain (commonly Lactobacillus or
Escherichia coli) using methods such as electroporation or heat shock.

Screening: Transformed strains are screened for the expression and stability of the desired function. Only strains
showing appropriate response and function are selected. The selected smart probiotic is tested under simulated
gastrointestinal conditions or in vitro models to confirm efficacy, safety, and responsiveness to environmental cues.
The validated smart probiotic is integrated into food products, supplements, or therapeutic interventions aimed at
modulating specific health outcomes, such as mood regulation.

Advancements in molecular biology and genetic engineering have made it possible to design next-generation
probiotic strains—termed smart probiotics—with tailored functionalities (Virolle et al., 2020; Ma et al., 2022). These
engineered microbes are designed to target sites of intestinal inflammation and deliver bioactive compounds directly
in situ, offering targeted support in IBD management. Through genetic modification, probiotic microorganisms can
be programmed to synthesize diagnostic or therapeutic molecules. This is achieved by manipulating their metabolic
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pathways (Figure 3), often by introducing or silencing specific genes that encode enzymes involved in key
biochemical reactions. Once administered orally, these engineered probiotics colonize the gut. Upon detecting host-
derived physiological signals, these signals interact with the transcriptional machinery of the smart probiotic,
activating gene expression responsible for producing the desired therapeutic compound. The secreted molecule
then acts locally, alleviating inflammation and mitigating IBD-related symptoms (Virolle et al., 2020; Ma et al.,
2022).
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Figure 3 Smart probiotic metabolic pathways
3. Proposed Conceptual Framework
This framework posits that smart probiotic influence mood via several interconnected pathways within the GBA:

Neurotransmitter Production: Smart probiotics can be designed to produce or stimulate the production of
neuroactive compounds such as GABA and serotonin (Liu et al., 2024).

Immune Modulation: They modulate immune responses and reduce systemic inflammation, which is closely linked
to depressive symptoms (Sabit et al., 2023; Magalhies-Guedes, 2022).

Gut Barrier Integrity: Enhanced probiotic strains may improve intestinal permeability, reducing the passage of
endotoxins that can trigger neuroinflammation (Cryan & Dinan, 2012).

Neural Pathway Stimulation: Interaction with the vagus nerve enables direct communication between the gut and
brain (Bravo et al., 2011).

Responsive Behavior: Smart probiotics can dynamically adjust their function based on environmental signals in the
host’s gut, enabling real-time modulation of gut-brain interactions (Turroni et al., 2022).
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4. Integrating Nutrition, Microbiology, and Neuroscience

The interaction between nutrition, microbiology, and neuroscience is a cornerstone in understanding and
optimizing the gut-brain axis (GBA), particularly in the context of smart probiotic interventions. Nutritional
components play a pivotal role in shaping the composition, activity, and resilience of the gut microbiota, which in
turn modulates neurophysiological responses relevant to mood and cognition. Dietary substrates such as prebiotic
fibers (e.g., inulin, fructooligosaccharides), polyphenols (e.g., flavonoids, catechins), and essential micronutrients
(e.g., zinc, magnesium, B-vitamins) exert synergistic effects with probiotic strains, enhancing microbial viability,
colonization capacity, and metabolic output (Sarkar et al., 2016; Foster & Neufeld, 2013).

These nutrients not only support the growth of beneficial microbes but also modulate the production of bioactive
metabolites, including short-chain fatty acids (SCFAs), neurotransmitters (e.g., GABA, serotonin), and anti-
inflammatory compounds that influence the central nervous system (Liu et al., 2024; Cryan & Dinan, 2012). Such
interactions underscore the importance of dietary context in the efficacy of psychobiotic therapies (Magalhaes-
Guedes, 2022).

Moreover, recent advances in high-throughput omics technologies—such as metabolomics, transcriptomics,
proteomics, and metagenomics—have enabled deeper insights into the functional dynamics of the host-microbiota
interface. These tools facilitate the identification of individual microbial signatures and metabolic pathways that
correlate with mental health outcomes, paving the way for precision nutrition approaches (Sarkar et al., 2016). In
this framework, smart probiotics can be strategically combined with personalized dietary plans to enhance their
therapeutic potential, ensuring targeted modulation of the GBA (Turroni et al., 2022; Ma et al., 2022).

By integrating nutritional science with microbial biotechnology and neurobiology, this multidisciplinary approach
supports the design of tailored interventions for mood regulation and mental wellness. Future research should
continue to explore these interactions in clinical settings, fostering the development of effective, safe, and
sustainable strategies for microbiota-driven mental health support.

5. Future Research Directions

Future research should focus on validating the proposed framework through in vitro and in vivo studies, including
randomized controlled trials. Identifying specific biomarkers for mood improvement and developing personalized
interventions based on individual microbiota profiles are promising directions. Ethical considerations regarding
genetic modification and long-term effects also warrant attention.

6. Conclusion

This conceptual framework provides a comprehensive and integrative perspective on the role of smart probiotics in
mood regulation via the gut-brain axis (GBA). By bridging the disciplines of microbiology, neuroscience, and
nutrition, the model emphasizes the complexity of host-microbe interactions and the necessity of a systems biology
approach to mental health interventions. The incorporation of genetically engineered probiotic strains capable of
sensing and responding to host physiological cues introduces a new paradigm in psychobiotic therapy—one that is
dynamic, targeted, and personalized.

Smart probiotics offer several innovative mechanisms for modulating emotional and cognitive functions, including
the production of neuroactive compounds, regulation of immune and inflammatory responses, reinforcement of gut
barrier integrity, and direct signaling through the vagus nerve. These multifunctional strains hold great promise in
addressing the growing burden of mood disorders such as anxiety and depression, especially in cases where
conventional treatments fall short or cause adverse effects.

Furthermore, the synergy between functional nutrition and smart probiotics opens new avenues for precision
mental health care, leveraging diet and microbiota-targeted therapies to optimize individual outcomes. As such, this
framework lays the groundwork for future experimental studies, clinical trials, and translational applications.
Continued interdisciplinary collaboration will be crucial to validate these hypotheses, identify relevant biomarkers,
and ensure the safety, efficacy, and ethical use of smart probiotic technologies. Ultimately, smart probiotics
represent a transformative frontier in personalized, microbiota-centered mental health strategies.
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