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ABSTRACT

Depression is a complex neuropsychiatric disorder with multifactorial origins involving genetic, environmental, and
physiological factors. Emerging evidence highlights the gut microbiota as a critical regulator of brain function through its
bidirectional communication with the central nervous system, termed the gut—brain axis. This review critically synthesizes
current mechanistic insights linking gut microbial dysbiosis to depression through alterations in neurotransmitter metabolism,
immune activation, systemic inflammation, tryptophan—kynurenine pathway modulation, and hypothalamic—pituitary—
adrenal (HPA) axis dysregulation. Experimental and clinical studies indicate that microbiota-derived metabolites, including
short-chain fatty acids and secondary bile acids, influence neuroendocrine signaling and behavioral outcomes. Furthermore,
therapeutic strategies such as probiotics, prebiotics, dietary interventions, and fecal microbiota transplantation show potential
in restoring microbial homeostasis and alleviating depressive symptoms. Despite promising advances, inconsistencies across
studies underscore the need for standardized methodologies, longitudinal monitoring, and mechanistic integration of multi-
omic data. Collectively, these findings suggest that targeting the microbiota—gut—brain axis may open new avenues for
precision psychiatry and the development of adjunctive therapies for depression..
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1. INTRODUCTION

Depression and anxiety are highly prevalent mental health conditions that substantially impair daily functioning, quality of
life, and socioeconomic productivity [1-5]. Epidemiological projections indicate that by 2030, depression may surpass
cardiovascular disorders as the leading global illness [1]. Anxiety frequently co-occurs with depression, with nearly three-
quarters of affected children and adolescents experiencing both disorders simultaneously [2]. Comorbidity is substantial,
with 47-58% of individuals with depression developing anxiety, while approximately 56% of those with anxiety exhibit
depressive symptoms [3]. Nearly half of all depressive episodes follow exposure to severe psychosocial stressors [4].
Globally, lifetime prevalence of anxiety and depression is estimated at 14% and 12%, respectively [5].

Beyond neurochemical imbalances, the gut microbiota—a complex community of ~100 trillion microorganisms—plays a
pivotal role in mental health [6—8]. Under homeostasis, the microbiota maintains symbiosis with the host, predominantly
through the phyla Firmicutes and Bacteroidetes, which comprise nearly 90% of the microbial population. Its composition is
influenced by genetics, age, diet, environment, and stress exposure, affecting digestion, nutrient absorption, vitamin
synthesis, and immune homeostasis [6—8]. Importantly, the gut communicates bidirectionally with the CNS through neural,
endocrine, and immune pathways—the microbiota—gut—brain axis [6, 9, 10].

. Microbial dysbiosis can disrupt intestinal barrier integrity, increase systemic inflammation, and alter neurotransmitter
synthesis, collectively influencing stress reactivity, mood regulation, and anxiety [9, 11, 12]. Chronic stress can also induce
dysbiosis, promoting pro-inflammatory taxa and intestinal permeability (“leaky gut”), allowing microbial metabolites and
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endotoxins to enter circulation and affect brain physiology [13, 14].

Although evidence links gut dysbiosis to neuropsychiatric disorders, causal mechanisms remain incompletely understood.
Most studies are correlational, limited by small sample sizes, population heterogeneity, and inconsistent analytical methods.
Future work integrating metagenomics, metabolomics, and neuroimaging is essential to clarify the molecular pathways of
microbiota-brain interactions. This review critically examines recent advances in the gut—brain axis, highlighting
mechanistic pathways, molecular mediators, and therapeutic potential.

2. Composition and Diversity of the Human Gut Microbiota

The human microbiome—defined as the collective genetic material and functional potential of microorganisms inhabiting
the human body—is remarkably diverse, with only about one-third of microbial genes shared among healthy individuals [7].
Distinct microbial communities colonize ecological niches such as the gut, skin, oral cavity, lungs, and reproductive tract,
each adapted to its environment [8].

The gut microbiota is the largest and most metabolically active microbial ecosystem, dynamically modulated by age,
nutrition, hormonal fluctuations, and disease state. Perturbations exceeding adaptive capacity result in dysbiosis,
characterized by loss of beneficial commensals, expansion of opportunistic species, and altered metabolite production.
Dysbiosis contributes to metabolic, infectious, and neuropsychiatric disorders through immune activation and disrupted gut—
brain communication [9, 11, 12].

Despite advances in metagenomic sequencing, inter-individual variability, non-standardized sampling, and short-term cross-
sectional designs limit comparability. Longitudinal and functional approaches integrating microbial composition with
metabolite and host-response data are essential to clarify the causal contribution of specific taxa to systemic and
neurobehavioral health.

3. Functional Roles of Gut Microbiota in Host Metabolism and Immunity
3.1 Metabolic Function: Fermentation into Short-Chain Fatty Acids (SCFAs)

Gut microbes ferment dietary fibers into SCFAs (acetate, propionate, butyrate), which maintain intestinal homeostasis and
influence glucose/lipid metabolism via G-protein—coupled receptors and histone deacetylase inhibition [9, 11, 15]. SCFAs
also modulate neurotransmission, neuroinflammation, and microglial maturation, linking gut metabolism to CNS function.
Translating preclinical findings to humans is challenging due to variability in microbiota composition and fiber intake.

3.2 Protective Role: Colonization Resistance

Commensal microbes prevent pathogenic invasion through nutrient competition, inhibitory metabolite production, and
epithelial defense activation (e.g., antimicrobial peptides LL-37) [16, 17]. Dysbiosis weakens this resistance, increases
pathogen susceptibility, and triggers systemic inflammation—a key pathway linking microbiota to depression.

3.3 Immune Modulation

Butyrate promotes regulatory T-cell differentiation, enhances barrier integrity, and attenuates NF-kB-mediated cytokine
production (e.g., TNF-a, IL-6) [15, 18, 19]. Impaired SCFA production is associated with low-grade systemic inflammation
observed in depression. Human studies remain largely correlative, highlighting the need for integrative microbial-immune-
metabolomic analyses.

Despite substantial preclinical evidence elucidating the metabolic, protective, and immunomodulatory roles of gut
microbiota, important research gaps remain in humans. The translation of SCFA-mediated effects on neurotransmission,
neuroinflammation, and microglial maturation is limited by inter-individual variability in microbiota composition, dietary
fiber intake, and metabolite bioavailability. Similarly, the mechanisms underlying colonization resistance and its contribution
to systemic inflammation in depressive disorders are not well defined in clinical populations. Although impaired SCFA
production has been associated with low-grade inflammation, causal links remain largely correlative, underscoring the need
for integrative studies that combine microbial sequencing, metabolomics, and immune profiling. Standardized longitudinal
investigations are therefore essential to clarify how specific microbial taxa and metabolites modulate metabolic and immune
pathways relevant to depression.

4. The Gut—Brain Axis in Depression: Mechanistic Pathways and Evidence

The gut-brain axis represents a complex, bidirectional communication network linking the gastrointestinal tract and the
central nervous system (CNS) via neural, endocrine, immune, and metabolic pathways [20]. Current evidence indicates that
microbial dysbiosis can perturb these pathways, influencing brain function through multiple mechanisms, including
modulation of neurotransmitters, short-chain fatty acids (SCFAs), secondary bile acids, and tryptophan-derived metabolites
[9, 21-23]. While preclinical studies robustly demonstrate that alterations in these microbial products can affect mood and
behavior, human evidence remains largely correlative, with inconsistent replication across populations and methodological
heterogeneity.

Neuroimmune interactions are a critical conduit through which gut microbes affect the CNS. Dysbiosis enhances systemic
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inflammation and compromises blood-brain barrier (BBB) integrity, facilitating entry of inflammatory mediators and
microbial metabolites into the brain, thereby promoting neuroinflammation and neuronal dysfunction [10, 24-27].
Experimental models indicate that disrupted tight-junction proteins (e.g., occludin, claudin) mediate BBB permeability, yet
translation to human pathology is limited, highlighting a need for longitudinal studies integrating neuroimaging and immune
profiling to confirm these mechanisms in clinical populations.

Altered tryptophan metabolism further links microbial activity to depression. Under inflammatory conditions, tryptophan is
preferentially shunted toward the kynurenine pathway, resulting in accumulation of neurotoxic metabolites such as quinolinic
acid, which contribute to excitotoxicity, oxidative stress, and synaptic dysfunction [28, 29]. Although animal studies
elucidate these pathways, quantitative human data connecting specific microbial taxa to kynurenine flux and downstream
neurobehavioral outcomes remain scarce.

SCFAs and bile acids are additional key mediators of gut-brain communication, influencing gene expression,
neurotransmitter release, and vagal signaling [30, 31]. Preclinical evidence suggests SCFAs modulate microglial maturation
and anti-inflammatory pathways, while bile acids engage farnesoid X receptor and TGRS signaling to affect stress reactivity.
However, human studies are limited by variability in dietary fiber intake, microbial composition, and metabolite
bioavailability, necessitating standardized metabolomic and interventional approaches.

Finally, the HPA axis demonstrates a reciprocal relationship with the microbiota, where dysbiosis exacerbates stress-induced
cortisol dysregulation, and microbial restoration can normalize exaggerated stress responses observed in germ-free animals
[13, 32, 33]. While these findings offer compelling mechanistic insights, robust clinical validation is lacking, particularly
regarding strain-specific effects and long-term modulation of HPA activity in humans.

Despite these advances, several research gaps remain that limit translation to clinical practice. Longitudinal human studies
integrating microbiome profiling, metabolomic analyses, and neuroimaging are needed to establish causal links between
microbial alterations and depressive outcomes. Quantitative assessments of microbial contributions to tryptophan—
kynurenine metabolism and their neurobehavioral consequences are largely missing. Standardized measurement of SCFA
and bile-acid signaling across diverse populations is required to clarify their roles in mood regulation. Additionally, strain-
specific effects of the microbiota on HPA axis function and their clinical relevance remain poorly understood, emphasizing
the need for targeted mechanistic investigations to bridge preclinical findings with therapeutic applications.

5. Microbial Modulation of Neurotransmission, Imnmunity, and Endocrine Function
5.1 Neurotransmitter Modulation

Bacterial taxa produce or regulate serotonin, dopamine, GABA, and acetylcholine [34]. Dysbiosis impairs neurotransmitter
availability and serotonergic/GABAergic signaling, key pathways in depression [35]. Probiotic supplementation restores
GABAergic tone in preclinical models; human studies are inconsistent, highlighting strain-specific and population-dependent
effects.

5.2 Immune System Activation

“Leaky gut” enables translocation of LPS, inducing chronic inflammation (IL-1p, IL-6, TNF-a) that promotes
neuroinflammation and alters monoaminergic signaling [12, 36]. Integrative studies are required to determine whether
inflammation is a mediator or consequence of dysbiosis.

5.3 Tryptophan—Kynurenine Pathway

Cytokine-mediated upregulation of indoleamine 2,3-dioxygenase shifts tryptophan metabolism toward kynurenine,
producing neuroactive metabolites that induce synaptic dysfunction and oxidative stress [28, 29]. Microbial influence on this
pathway requires human metabolomic-microbiomic validation.

5.4 Metabolite Signaling

SCFAs and secondary metabolites modulate gene expression, barrier integrity, and neuroprotection [30, 31]. Animal studies
support these effects; human mechanistic data are limited.

5.5 HPA Axis Regulation

Dysbiosis and stress reciprocally regulate cortisol secretion [13, 32, 33]. Microbial restoration may attenuate HPA
hyperactivity and stress-related psychopathology. Human interventional evidence is limited.

Despite compelling preclinical evidence linking gut microbes to neurotransmission, immune modulation, tryptophan
metabolism, metabolite signaling, and HPA axis regulation, significant research gaps remain in human studies. The strain-
specific and population-dependent effects of probiotics on neurotransmitter systems require rigorous, standardized
investigation. The causal role of inflammation in mediating dysbiosis-induced neurobehavioral changes remains unclear,
necessitating integrative studies combining cytokine profiling, microbial sequencing, and behavioral assessments.
Quantitative validation of microbial contributions to the tryptophan—kynurenine pathway and downstream neuroactive
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metabolites in humans is largely lacking. Similarly, while SCFAs and secondary metabolites demonstrate neuroprotective
and gene-regulatory effects in animal models, mechanistic confirmation in clinical populations is limited. Finally, the
reciprocal regulation of the HPA axis by stress and microbiota, though promising in preclinical studies, demands longitudinal
human intervention trials to clarify strain-specific effects, treatment duration, and sustained modulation of cortisol dynamics.
Addressing these gaps is essential to translate mechanistic insights into effective microbiota-targeted therapies for
depression.

6. Preclinical and Clinical Evidence Linking Gut Microbiota to Depression

Preclinical studies provide robust evidence supporting a causal role of gut microbiota in depression-like phenotypes. Germ-
free or antibiotic-treated rodents exhibit exaggerated hypothalamic—pituitary—adrenal (HPA) axis responses, altered
monoamine metabolism, and behavioral anhedonia, which can be reversed by colonization with specific microbial strains or
fecal microbiota transplantation (FMT) from healthy donors [14, 37]. These findings highlight that microbial composition
and metabolite signaling directly influence neuroendocrine function, stress reactivity, and synaptic plasticity. In humans,
observational studies consistently report a reduction in short-chain fatty acid (SCFA)-producing taxa such as
Faecalibacterium and Coprococcus, alongside an increase in potentially pathogenic genera including Alistipes and
Enterobacteriaceae in patients with major depressive disorder [38]. While these correlations support the translational
relevance of preclinical findings, they remain limited by heterogeneity in diet, medication use, and sequencing
methodologies, making causal inference challenging.

Intervention trials targeting the microbiota—through probiotics, prebiotics, dietary modification, or FMT—have
demonstrated modest improvements in mood and stress biomarkers [39-42]. For example, probiotic supplementation with
Lactobacillus helveticus R0052 and Bifidobacterium longum R0175 has been associated with reduced psychological distress
and cortisol levels, while prebiotics such as galacto-oligosaccharides (GOS) can lower anxiety scores and attenuate cortisol
awakening responses. Mediterranean-style dietary interventions, which enhance microbial diversity and SCFA production,
have also shown favorable effects on depressive symptoms [41]. Nevertheless, results are inconsistent due to small sample
sizes, variability in intervention composition, and short study durations, limiting generalizability and reproducibility across
populations. Early FMT studies suggest potential benefits in modulating mood and microbial profiles, but safety concerns,
donor variability, and long-term ecological stability restrict clinical application.

Despite these promising findings, significant research gaps remain. There is a pressing need for longitudinal human studies
that integrate multi-omic approaches—combining metagenomics, metabolomics, immune profiling, and neuroimaging—to
clarify causal mechanisms. Furthermore, standardized microbial interventions specifying strain, dosage, and duration are
essential to improve reproducibility and identify effective therapeutic regimens. Finally, mechanistic studies investigating
the specific roles of microbial taxa and metabolites on central nervous system pathways in humans are critically needed to
translate preclinical insights into precision psychiatry interventions. Addressing these gaps will be pivotal for advancing
microbiota-targeted therapies as a scientifically grounded adjunct in depression management.

7. Therapeutic Implications of Microbiota-Targeted Interventions

Microbiota-targeted interventions have emerged as promising adjunctive strategies for managing depressive disorders, yet
their efficacy remains variable and context-dependent. Probiotics and psychobiotics, particularly strains such as
Lactobacillus helveticus R0052 and Bifidobacterium longum RO175, have been shown to improve mood, reduce
psychological distress, and modulate HPA axis activity in both preclinical models and small human trials [35, 41]. However,
these effects are often strain-specific, short-term, and inconsistent across studies, highlighting the need for rigorous,
standardized trials to determine optimal formulations and dosing regimens. Prebiotics, such as galacto-oligosaccharides
(GOS), selectively stimulate beneficial microbial taxa and indirectly influence neuroendocrine signaling. Yet, their efficacy
is influenced by an individual’s baseline microbiota composition, suggesting that personalized approaches may be required
to maximize therapeutic benefit [38].

Dietary interventions, most notably adherence to Mediterranean-style diets rich in fiber, polyphenols, and omega-3 fatty
acids, have demonstrated improvements in depressive outcomes by enhancing microbial diversity and promoting SCFA
production [42]. Despite these encouraging results, methodological limitations—including reliance on self-reported dietary
intake, variable adherence, and short-term follow-up—Ilimit the generalizability and robustness of findings. Fecal microbiota
transplantation (FMT) represents a more direct approach to modifying gut microbial composition. Preclinical studies and
early pilot trials indicate potential benefits in mood regulation; however, donor variability, safety concerns, and the long-
term stability of transferred microbiota currently constrain widespread clinical application [37].

Critical research gaps remain in translating these interventions into precision psychiatry. There is a need for strain-specific,
evidence-based microbial therapies with clearly defined dosages and treatment durations. Integrating multi-omic endpoints—
including microbiome, metabolome, immune, and neuroendocrine markers—will be essential to elucidate mechanistic
pathways and identify biomarkers of response. Moreover, the long-term ecological effects and sustainability of interventions,
particularly FMT, require systematic investigation [43]. Finally, personalized interventions tailored to an individual’s
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baseline microbial composition may enhance efficacy, minimize variability, and support the development of microbiota-
directed precision therapies for depression.

8. Conclusion and Future Perspectives

The gut microbiota has emerged as a central mediator of depression, influencing key neurobiological processes including
neurotransmission, immune signaling, metabolite production, and HPA axis regulation [25-35]. Preclinical studies provide
strong mechanistic evidence, demonstrating causal relationships between microbial dysbiosis and depressive-like behaviors,
altered stress responses, and neurochemical changes [14, 37]. Human studies largely support these associations, revealing
reduced SCFA-producing taxa and increased potential pathogens in major depressive disorder [38—41]; however, findings
remain heterogeneous due to small sample sizes, population variability, and methodological inconsistencies. Collectively,
these data underscore the critical role of the microbiota—gut—brain axis while highlighting the limitations of current evidence
and the need for more rigorous investigation.

Microbiota-targeted interventions—including probiotics, prebiotics, dietary modulation, and fecal microbiota
transplantation—show encouraging potential for improving depressive outcomes [35, 37, 41, 42]. Nonetheless, translation
into clinical practice is constrained by variability in microbial strains, dosage, duration, and long-term ecological effects.
Standardization of interventions, integration of multi-omic endpoints, and longitudinal follow-up are essential to establish
reproducible efficacy and elucidate underlying mechanisms. Personalized strategies that consider baseline microbial
composition may further optimize therapeutic outcomes and reduce inter-individual variability.

Future research should prioritize large-scale, longitudinal multi-omic studies to clarify causal links between specific
microbial taxa, metabolites, and CNS pathways. The development of strain-specific, personalized microbial interventions
will be critical for advancing precision psychiatry. Interdisciplinary collaboration among microbiologists, neuroscientists,
psychiatrists, and computational biologists will facilitate the translation of preclinical mechanistic insights into robust clinical
applications. Additionally, exploration of novel microbial pathways in humans through metabolomics and neuroimaging will
likely reveal previously unrecognized mechanisms underlying depression. Addressing these gaps may allow microbiota
modulation to evolve from an experimental adjunct to a core component of precision psychiatry, enabling targeted prevention
and treatment of depression.
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