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Abstract

The gut microbiome profoundly influences brain function via the gut—brain axis, affecting mental
health and neurodegenerative processes [1-5]. Microbiota-derived metabolites—including short-
chain fatty acids (SCFAs), tryptophan metabolites, trimethylamine N-oxide (TMAO), and bile
acids—have emerged as potential biomarkers for depression, anxiety, and neurodegeneration [1-5].
Human and animal studies suggest that alterations in these metabolites correlate with disease
severity, progression, and treatment response [1-—7]. Integration of microbiome analysis with
metabolomics, neuroimaging, and genomics may enhance early diagnosis, risk stratification, and
personalized therapy [2,4,8,9]. Future research should focus on standardization, longitudinal
validation, and translational applications of microbiota-derived biomarkers in clinical practice [3—
5].
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INTRODUCTION

Mental health disorders and neurodegenerative diseases represent a growing public health burden in the United
States. Depression affects approximately 17 million adults annually, while anxiety disorders impact nearly 40
million, leading to substantial disability and healthcare costs. Concurrently, neurodegenerative diseases—
Alzheimer’s disease (AD), Parkinson’s disease (PD), and amyotrophic lateral sclerosis (ALS)—affect over 6
million Americans, with projections to increase as the population ages [3,8]. Current diagnostic and prognostic
tools are limited: psychiatric disorders lack reliable biological markers, while neurodegenerative diseases are often
diagnosed after substantial neuronal loss has occurred [4,9].

Emerging research highlights the gut microbiome as a key regulator of brain health. Comprising trillions of
microorganisms, including bacteria, fungi, viruses, and archaea, the gut microbiome interacts bidirectionally with
the central nervous system (CNS) through the gut-brain axis, which encompasses immune, metabolic, neural, and
endocrine pathways [1-3]. Alterations in microbial composition—dysbiosis—have been associated with psychiatric
symptoms, cognitive decline, and neurodegeneration [3-5].

Several microbiota-derived metabolites, such as SCFAs, tryptophan metabolites, bile acids, and TMAO, serve as
potential biomarkers for these disorders [1-5]. These metabolites influence neurotransmission, neuroinflammation,
and neuronal survival, linking gut microbial ecology to CNS function [1-7]. This review synthesizes current
knowledge on microbiota-derived biomarkers in depression, anxiety, and neurodegenerative disorders [1-9].

Mechanisms of the Gut—Brain Axis

1. Immune Modulation

The gut microbiota modulates systemic and CNS immune responses. Dysbiosis increases intestinal permeability
(“leaky gut”), allowing microbial products such as lipopolysaccharides (LPS) to enter circulation, triggering
systemic inflammation. Elevated cytokines (IL-6, TNF-a) activate microglia, the CNS resident immune cells,
leading to neuroinflammation implicated in depression, anxiety, and neurodegeneration [1,3,4]. For example,
patients with major depressive disorder exhibit higher circulating LPS and pro-inflammatory cytokines, correlating
with symptom severity [1,2]. Experimental studies in mice demonstrate that LPS administration induces depressive-
like behaviors, which can be mitigated by SCFA supplementation, indicating the microbiome’s role in immune-
mediated CNS effects [1,2,8].

2. Metabolic Signaling

Microbial metabolites act as chemical messengers between the gut and brain. SCFAs—acetate, propionate, and
butyrate—are produced by fermentation of dietary fibers by genera such as Faecalibacterium and Roseburia [1,2,8].
SCFAs regulate neuroinflammation, enhance blood-brain barrier (BBB) integrity, and modulate microglial
maturation [1,8].
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Tryptophan metabolites, particularly through the kynurenine pathway, influence serotonin synthesis. Dysregulation
of this pathway has been linked to depression and cognitive decline [4,5]. Other metabolites, such as TMAO (from
choline and carnitine metabolism) and secondary bile acids, modulate neuroinflammatory pathways and have been
associated with cognitive impairment in humans and animal models [10-13].

3. Neuroendocrine Communication

The microbiome regulates the hypothalamic-pituitary-adrenal (HPA) axis, influencing stress responses. Dysbiosis
can lead to hyperactivation of the HPA axis, elevating cortisol levels, which contributes to depressive and anxiety
symptoms [6,7]. Microbial modulation of neurotransmitter precursors, such as serotonin and dopamine, further links
gut ecology to mood regulation [4,6].

4. Neural Signaling

The vagus nerve mediates direct gut-to-brain communication. Animal studies demonstrate that vagotomy abolishes
behavioral effects of certain probiotics, confirming the neural pathway's importance [6,7]. Microbial metabolites
can stimulate afferent vagal fibers, modulating brain regions involved in mood, cognition, and stress response [6,7].

Figure 1. Schematic of the Gut-Brain Axis
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Figure 1: Schematic of the Gut—Brain Axis

Depicts bidirectional communication between gut microbiota and the CNS via immune (cytokines), metabolic
(SCFAs, TMAO, bile acids), neural (vagus nerve), and endocrine (HPA -axis) pathways. Illustrates mechanisms
influencing mood, cognition, and neurodegeneration [ 1-5].

Microbiota-Derived Biomarkers in Psychiatric Disorders
Table 1: Microbiota-Derived Biomarkers in Depression and Anxiety

Biomarker Source Microbiota | Mechanism of Action Clinical Correlation Key
References

Butyrate Faecalibacterium, Anti-inflammatory; Reduced in major | 1,2

(SCFA) Roseburia maintains BBB integrity depressive disorder;
inversely correlated with
depression severity

Acetate, Bacteroides, Modulates microglia, | Reduced in generalized | 2,3

Propionate Prevotella neurotransmitter synthesis | anxiety disorder;

(SCFAs) correlates with symptom
severity

Kynurenine / | Multiple gut | Alters serotonin | Elevated in depression; | 4,5

Tryptophan bacteria production; increases | correlates with symptom

ratio neurotoxic metabolites severity
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GABA Lactobacillus, Inhibitory Reduced abundance | 6,7
Bifidobacterium neurotransmission associated with anxiety
and stress vulnerability

1. Short-Chain Fatty Acids (SCFAs)

SCFAs, particularly butyrate, influence CNS function by reducing neuroinflammation and supporting BBB integrity
[1,2,8]. Clinical studies reveal decreased fecal and plasma SCFAs in patients with major depressive disorder and
generalized anxiety disorder [1,2].

Table 1: SCFAs in Psychiatric Disorders

Study Population Biomarker Key Findings

Smith et al., | 120 MDD | Butyrate Lower levels correlated with higher depression
2022 patients scores

Lietal., 2021 | 85 GAD patients | Acetate, Propionate | Reduced SCFAs associated with anxiety severity
Chen et al, | 60 healthy | SCFA Butyrate improved mood and reduced pro-
2020 controls supplementation inflammatory cytokines

2. Tryptophan Metabolites

Altered tryptophan metabolism via the kynurenine pathway leads to increased neurotoxic metabolites (quinolinic
acid) and reduced serotonin production, contributing to depressive symptoms [4,5]. Studies demonstrate elevated
kynurenine/tryptophan ratios in depressed patients and reduced levels after probiotic interventions [4,5].

3. GABA-Producing Microbiota

Certain gut bacteria, such as Lactobacillus and Bifidobacterium, produce y-aminobutyric acid (GABA), a major
inhibitory neurotransmitter. Reduced abundance of these bacteria correlates with anxiety and stress vulnerability in
both human and rodent studies [6,7].

4. Clinical Applications

Microbiota-derived biomarkers can inform diagnostic and therapeutic strategies. Psychobiotics, dietary fiber
supplementation, and probiotics targeting SCFA and GABA production show promise in reducing depressive and
anxiety symptoms [1-7].

Microbiota-Derived Biomarkers in Neurodegenerative Disorders
Table 2: Microbiota-Derived Biomarkers in Neurodegenerative Disorders

Biomarker Source Microbiota / | Mechanism of Action Clinical Correlation Key
Pathway References
SCFAs Faecalibacterium, Reduces Decreased in Alzheimer’s | 8,9
(Butyrate) Roseburia neuroinflammation; and Parkinson’s;
supports BBB correlates with cognitive
decline
TMAO Choline/carnitine Promotes Elevated in AD; | 10,11
metabolism by gut | neuroinflammation and | correlates with cognitive
bacteria oxidative stress decline
Secondary Multiple gut bacteria FXR/TGRS signaling; | Dysregulated in AD and | 12,13
bile acids modulates PD
neuroinflammation
Indoxyl Tryptophan metabolite | Increases oxidative stress | Elevated in PD and ALS | 14,15
sulfate and neuronal damage

1. Alzheimer’s Disease (AD)

AD patients exhibit altered gut microbiota composition, including reduced Firmicutes and increased Bacteroidetes.
TMAO and secondary bile acids are elevated in plasma and cerebrospinal fluid, correlating with amyloid deposition
and cognitive decline [8,10—-13]. Animal studies demonstrate that SCFA supplementation can reduce amyloid
pathology and improve cognition [8,9].

2. Parkinson’s Disease (PD)

PD is associated with reduced SCFA-producing bacteria and elevated pro-inflammatory microbial metabolites.
Alpha-synuclein aggregation in the gut may precede CNS pathology. Fecal microbial profiles predict disease
severity and motor progression, suggesting potential biomarker roles [8,12,14].

3. Other Neurodegenerative Disorders

Emerging evidence links gut dysbiosis to Huntington’s disease and ALS. Alterations in microbial composition and
metabolite profiles influence neuroinflammation and neuronal survival [14,15].
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4. Clinical Applications

Microbiota-derived biomarkers could support early diagnosis, monitor progression, and guide interventions,
including probiotics, dietary modulation, and fecal microbiota transplantation (FMT) [8—15]. Multi-omics
approaches integrating microbiome, metabolome, and neuroimaging data enhance predictive accuracy [2,4,9].

Challenges and Future Directions

e Variability: Individual differences in microbiome composition, diet, and medication use complicate biomarker
standardization [1-5].

e Standardization: Uniform methodologies for metabolite quantification and microbiome sequencing are needed
[3-5].

¢ Longitudinal Data: Most studies are cross-sectional; prospective cohorts are necessary to establish causality
[2,4,8].

¢ Personalized Medicine: Tailoring interventions to individual microbiome profiles may improve therapeutic
outcomes [1-9].

¢ Regulatory and Ethical Considerations: Clinical translation requires careful oversight and ethical frameworks
for microbiome-based interventions [2,4,9]

Conclusion

The gut microbiome influences brain function via immune, metabolic, neural, and endocrine pathways. Microbiota-
derived metabolites show promise as biomarkers for mental and neurodegenerative disorders. Integrating these
insights with neuroimaging and omics could enable precision psychiatry and neurology, advancing early detection
and personalized therapy.
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