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Abstract

The gut microbiome's influence on mental health, particularly in conditions such as depression,
anxiety, and Alzheimer's disease, is an emerging area of research with significant therapeutic
potential. Recent studies have highlighted the bidirectional communication between the gut and
brain through the gut-brain axis, with the vagus nerve and immune system playing key roles in
this interaction. Despite growing evidence suggesting that specific microbial species may impact
mental health outcomes, the underlying mechanisms as to what functions they play remain
largely unclear, and the application of these findings in clinical settings remains underdeveloped.
While some treatments, such as increased fiber intake and fermented foods, have shown
promise, their effectiveness varies significantly across individuals due to differences in gut
microbiota. Additionally, non-invasive approaches like vagal nerve stimulation (VNS) are being
explored for their ability to modulate inflammation and cognitive function in Alzheimer's patients,
but further studies are needed to establish their safety and efficacy. This review examines the
current literature on the gut-brain connection, focusing on how the microbiota and immune
system influences neurological and psychiatric conditions, and outlines future directions for
research aimed at developing targeted personalized therapies.

Introduction

The human gut is home to over 100 trillion microbial cells, collectively known as the gut
microbiota. Recent research has found that these microbes are not passive, but active
regulators of human physiology, influencing metabolism, immunity, and even brain function
through the gut-brain axis (GBA). This biochemical pathway, composed of neural, immune, and
endocrine pathways, enables continuous communication between the gut and the brain,
shaping everything from mood and behavior to stress resilience and cognitive function.’

Communication between the gut microbiota and the brain is primarily mediated through
the vagus nerve — a network of nerves connecting the gut and the brain, allowing them to signal
back and forth to each other. This intricate system not only impacts gut health but also plays a
role in mental well-being. Disruptions in the gut microbiome — whether due to stress, diet, or
illness — can disturb this communication network, potentially contributing to psychiatric disorders
such as anxiety, depression, and even neurodegenerative diseases like Alzheimer’s.?

Emerging evidence suggests that the gut microbiota influences brain function through its
ability to modulate neurotransmitter levels, regulate immune responses, and maintain gut barrier
integrity. However, while the gut-brain axis has been linked to neurological and psychiatric
disorders, the precise mechanisms remain largely uncharted. This article will explore how the
gut microbiome, microbial metabolism, and the immune system influence mental health
conditions and neurodegenerative disorders.

The Central Nervous System and Neurobiological Functions

The human nervous system consists of two main components: 1) the Central Nervous
System (CNS), consisting of the brain & spinal cord, responsible for processing sensory
information and coordinating bodily responses; and 2) the Peripheral Nervous System (PNS) —
all other nerves that relay signals between the CNS and the body.**
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At the core of the CNS are neurons, specialized cells that utilize electrical and chemical
signals called neurotransmitters to communicate. These neurotransmitters bind to specific
receptors on target cells, modulating ion channels that generate electrical responses. While this
process is essential for regulating mood, cognition, immune response, digestion, and heart
rate,>®” it can be modulated by chemical homologs that can compete for binding to the
receptors or by changes to basal levels of neurotransmitters due to environmental
circumstances. These processes can be seen when microbes in the gut break down certain
types of ingested food into neurotransmitter homologs or precursors.®®

The Gut Microbiome and Implications for Human Health

The gut microbiome comprises trillions of microorganisms, including bacteria, archaea,
fungi, and viruses, that live in animals' digestive tracts. Each individual’s gut microbiota is unique
to themselves, with the first microbes inherited during childbirth and new microbes introduced
later on through environmental factors and diet.™

The microbiome is crucial for metabolizing specific dietary components, including the
breakdown of complex carbohydrates and dietary fibers. Microbes decompose these nutrients
into simpler compounds through their enzymatic activities, generating a range of secondary
metabolites. These “byproducts” not only influence the behavior and interactions of other gut
bacteria but also contribute to various physiological processes that influence their “host’s”
systemic health and homeostasis." When metabolite production is balanced, these compounds
help maintain normal bodily functions and ensure overall physiological equilibrium.’ Two critical
metabolites that are known to impact neurological functions include indoles and short-chain fatty
acids (SCFAs).
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have structural differences, these microbial analogs can bind to the same receptors and
influence the signaling pathways."

SCFAs

Numerous nutrients and food components ingested by humans cannot be directly
metabolized by our cells and require microbial intervention for their breakdown into more
digestible forms. For instance, dietary fibers are processed by specific microbial populations into
SCFAs such as butyrate, propionate, and acetate. These SCFAs are readily absorbed through
the intestinal wall; upon absorption, they serve as a significant energy source for the host.

Beyond their role as an energy source, SCFAs exert profound effects on the immune
system. By modulating immune cell activity and inflammatory signaling pathways, these
metabolites help maintain gut homeostasis and influence systemic immune responses. Butyrate,
in particular, plays a crucial role in regulating inflammation by affecting cytokine production and
immune cell function. This intricate interplay between microbial metabolites and immune
signaling highlights the broader connection between the gut microbiota and immune system
regulation.™

The Immune System and Its Complex Role in Maintaining Health

The immune system is a complex network of organs, cells, and proteins that protects the
body from infections.' To communicate with one another, the cells of the immune system
release specific messenger proteins called cytokines that can prompt cell activation, cell
differentiation, or cell proliferation. When the body’s immune response functions properly,
cytokines are critical in telling immune cells when to spur inflammation or dampen it."”

In terms of its size and complexity, the intestinal tract is the body’s largest immune organ.
Here, the gut microbiota typically resides within the gastrointestinal lumen, separated by
epithelial cells, mucus, immune cells, and antibodies — collectively forming a complex immune
network that maintains a controlled environment.’® While the immune system spends a
tremendous amount of energy preventing the gut microbiota from spreading throughout the
body, it is also heavily dependent on these microbes producing beneficial molecules for it to
function effectively. Butyrate, as described above, can influence the function of regulatory T cells
in the gut, signaling them to suppress excessive inflammation and promote an anti-inflammatory
response. In this way, butyrate helps maintain immune homeostasis, ensuring that the immune
system functions appropriately without triggering harmful inflammatory reactions.'®

Nevertheless, when the balance of the microbiome is disturbed and the intestinal immune
system fails to function properly — due to factors such as inflammation, overuse of antibiotics, or
compromised gut barrier integrity — certain bacterial families or species can overgrow and
outcompete others. This imbalance, known as dysbiosis, can lead to a variety of metabolic and
inflammatory consequences, which can have far-reaching effects on both gut health and overall
well-being.?® For example, the gut’'s immune system and barrier integrity can be disrupted,
allowing harmful substances such as endotoxins, particularly lipopolysaccharides (LPS), to leak
from the gut lumen into the bloodstream. Known as intestinal permeability or "leaky gut," this
phenomenon can lead to systemic inflammation and contribute to various chronic diseases, as
LPS triggers a strong immune response throughout the body.?' Such inflammation has been
shown to influence the gut-brain axis, potentially exacerbating neuroinflammation and disrupting
brain function.
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Pathophysiological Mechanisms of the Gut-Brain Axis

Chronic inflammation — whether due to stress, diet, or illness — can disrupt the balance of
neurotransmitters in the brain, particularly those related to mood, cognition, and stress
responses. This leads to imbalances that can manifest as mood disorders, cognitive decline, or
even conditions like depression and anxiety.?? Two critical pathways are involved: the vagus
nerve and the brain’s specialized immune system.

The vagus nerve is a critical component of the nervous system that extends from the
brainstem to the intestines. It plays a central role in regulating gut function, mood, and
inflammatory responses.®® Due to its connection to the gut, the vagus nerve serves as a crucial
link between the central nervous system and the microbiome, facilitating communication that
influences both gut health and overall well-being. It controls inflammation by activating the
cholinergic anti-inflammatory pathway, essentially signaling the body to reduce the release of
pro-inflammatory cytokines. When the vagus nerve is functioning well, it dampens inflammation,
which in turn helps maintain a healthier environment for neurotransmitters to function properly.?®
Factors that diminish vagus nerve activity — such as metabolic dysfunction in the gut or poor diet
— can trigger a pathophysiological feedback loop. Under these conditions, the body
overproduces pro-inflammatory cytokines such as TNF-aq, IL-6, and IL-18, leading to systemic
inflammation.*

The brain itself has a specialized immune system, consisting of unique immune cells and
the blood-brain barrier. While the brain's immune cells maintain the same functions as the
immune system of the rest of the body, they perform many brain-specific tasks, such as
removing excess neurotransmitters, maintaining & regulating the blood-brain barrier, and
supporting the formation of synapses.?>* When these protective mechanisms are overwhelmed
by systemic and neuroinflammation, it can have a cascading effect on the central nervous
system. Inflammatory cytokines can cross the blood-brain barrier, activating microglia and
inducing a neuroinflammatory response within the brain. This, in turn, disrupts neurotransmitter
synthesis and receptor sensitivity. For example, persistent inflammation has been shown to
decrease serotonin transporter activity and reduce dopamine receptor density in areas like the
prefrontal cortex, impairing executive function, emotional regulation, and reward processing.?’

If inflammation in the brain is not resolved, it can negatively impact neuroplasticity — the
brain’s ability to adapt and form new connections. This can manifest as cognitive deficits,
reduced resilience to stress, and a heightened vulnerability to psychiatric disorders such as
depression and anxiety.?® The alteration in neurotransmitter signaling also sensitizes the brain to
stressors, further escalating the inflammatory response, which consequently perpetuates the
cycle of stress, inflammation, and neurotransmitter dysregulation.

The Microbiome's Influence on Depression, Anxiety, and Alzheimer's Disease

Growing literature has linked dysbiosis not only to metabolic dysfunction and immune
dysregulation but also mental health disorders.? For instance, a study by Naseribafrouci et al.
found that individuals suffering from major depressive disorder (MDD) often exhibit altered gut
microbiomes, including an overrepresentation of genera like Oscillibacter and Alistipes —
genuses shown capable of producing hormone homologs (such as GABA) in the gut.*

These mechanisms can be induced by diet and other environmental factors; in animal
models, David et al. provided mice with antibiotics and diets high in sugar & fat, leading to
significant behavioral effects. These changes were correlated with alterations to the gut
microbiome diversity; while members of the Bacteroides family significantly decreased,
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Clostridium species became more prevalent. This dysbiosis changes the overall makeup of
metabolites produced by the microbiome, which may affect the brain through the gut-brain axis.

These mechanisms can likewise be seen in other neurological diseases beyond
depression. Recently, studies have found that individuals with Alzheimer’s disease have lower
levels of SCFAs in both their gut and bloodstream.®? The reduced presence of these metabolites
in Alzheimer’s patients raises essential questions about the microbiome's role in the disease.®
SCFAs, such as butyrate and propionate, play a crucial role in maintaining the blood-brain
barrier and regulating neuroinflammation, and their reduction may contribute to
neurodegenerative processes. Furthermore, dysbiosis in Alzheimer’s patients may contribute to
altered SCFA production, thereby exacerbating the neuroinflammatory conditions that underlie
the disease. These findings suggest that the microbiome could be a potential therapeutic target
for modulating SCFA levels and mitigating disease progression.*® To that effect, one key
question is whether these patients are simply not consuming enough dietary fiber, which is the
primary source of SCFA production. Alternatively, it may be that the individuals with Alzheimer’s
have an imbalanced microbiome, lacking the necessary bacterial species capable of efficiently
fermenting fiber into SCFAs.? This dysbiosis could contribute to the observed decrease in
SCFAs and increase in gut inflammation, which may have downstream effects on brain function
and neurodegeneration.

Therapeutic Approaches in Mental Health and Alzheimer’s Disease

As research has highlighted the critical role of the vagus nerve, gut microbiome, and
SCFAs in modulating neuroinflammation and cognitive decline, there is increasing momentum
toward exploring therapeutic interventions that target these pathways to mitigate disease
progression.

Vagal nerve stimulation (VNS) has emerged as a promising approach to influencing brain
inflammation and improving cognitive function. By stimulating the vagus nerve, VNS activates
the locus coeruleus (LC), which triggers the release of catecholamines in brain regions like the
hippocampus and neocortex. This cascade supports synaptic plasticity and reduces harmful
inflammatory signals — both critical factors in Alzheimer's progression. Animal studies suggest
that VNS improves synaptic health, reduces inflammation, and may limit amyloid plaque
accumulation, a key feature of Alzheimer's disease. While invasive VNS carries surgical risks,
non-invasive VNS offers a less invasive alternative with potential benefits for early-stage
Alzheimer's patients. However, the efficacy and safety of non-invasive VNS remain under
investigation, with ongoing trials exploring its role in improving cognition and slowing disease
progression.®*

In terms of the microbiome, dietary changes have gained attention as a potential way to
help manage and even prevent conditions like Alzheimer’s, depression, and anxiety. Two key
strategies focus on increasing fiber intake and promoting microbial diversity through fermented
foods. A diet rich in fiber found in vegetables, fruits, whole grains, and legumes supports gut
health and helps regulate blood sugar, which can positively impact mood and cognitive function.
In addition, incorporating fermented foods like yogurt, sauerkraut, and kimchi can boost the
diversity of gut bacteria, which has been linked to improved brain function and a reduction in
symptoms of anxiety and depression through their production of neurotransmitters like
serotonin. These strategies contribute to a holistic approach to managing mental health, with
fiber supporting overall well-being and fermented foods promoting a balanced microbiome that
supports both brain and body health. While more research is needed, early studies point to the
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potential of these dietary adjustments as part of a comprehensive strategy for managing mental
health conditions.?

Lastly, beyond vagal nerve stimulation and changes to diet, the most common treatment
for psychiatric conditions is prescribed medications, such as antidepressants (SSRIs, SNRIs)
and anxiolytics. Though widely prescribed, new research suggests they can have varying effects
on the gut microbiome. Animal and human studies have found that these drugs may influence
the composition and diversity of gut bacteria, though the outcomes are not always consistent.
For example, selective serotonin reuptake inhibitors (SSRIs) like fluoxetine and escitalopram
have been shown to either reduce or, in some cases, increase microbial diversity in animal
models, potentially contributing to dysbiosis. Similarly, human studies have indicated that while
certain antidepressants, such as escitalopram, may restore some diversity in the microbiome,
the overall microbial composition remains distinct from that of healthy individuals. Other drugs,
like ketamine and buspirone, appear to have more consistent positive effects on microbiome
diversity, with some studies showing increases in beneficial bacteria. In patients with
depression, changes in microbiome diversity, particularly in response to medications, may
correlate with treatment outcomes, but further research is needed to fully understand the
mechanisms behind these effects and their clinical significance. Thus, while antidepressants
and anxiolytics can affect gut microbiota, the nature and extent of this influence vary by drug,
dosage, and individual response.*®

Conclusion

The relationship between the gut microbiome and mental health, particularly in conditions
like depression and anxiety as well as Alzheimer’s Disease, is an emerging field with promising
potential for therapeutic interventions. While we see correlations between specific microbial
species and mental health outcomes, our understanding of the exact mechanisms behind these
connections remains incomplete. There are still significant gaps in research, particularly
regarding how different species contribute to mental health and how we can effectively use this
knowledge in clinical practice. Furthermore, while some dietary interventions such as increased
fiber intake and fermented foods show potential in improving mood and reducing anxiety, the
evidence remains inconsistent. These interventions do not work uniformly for all individuals, as
the impact of diet is influenced by each person’s unique gut microbiome, making it difficult to
generalize findings across populations. Additionally, adherence to potential treatment options,
such as diet, may be challenging, particularly if patients don’t see immediate results. Future
studies should focus on uncovering the functional roles of these microbes to guide more
targeted and personalized treatment strategies while also addressing the variability in dietary
responses to improve the effectiveness and applicability of gut-brain axis-based therapies.
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