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Abstract 

The microbiota–gut–brain axis (GBA) is a bidirectional communication system integrating neural, 

endocrine, immune, and metabolic pathways to coordinate gastrointestinal and central nervous 

system (CNS) function. As the majority of human microbes reside in the gastrointestinal tract, their 

metabolic activity and immunomodulatory roles are essential for systemic homeostasis, cognitive 

processes, mood regulation, and neuroprotection. Increasing evidence highlights the vagus nerve as 

a primary conduit of microbiota–brain signaling, with germ-free mice demonstrating reduced vagal 

tone that is restored following microbial colonization. Key microbial metabolites—including short-

chain fatty acids (SCFAs), bile acids, indoles, and neurotransmitter precursors—activate vagal 

afferents, regulate neuroimmune responses, and influence microglial maturation and synaptic 

function. Disruption of microbial community structure, or dysbiosis, is now recognized as a 

contributing factor in numerous neurological and psychiatric disorders. Neurodegenerative diseases 

such as Alzheimer’s disease (AD) and Parkinson’s disease (PD) exhibit distinct microbial alterations, 

chronic neuroinflammation, and impaired gut and blood–brain barrier integrity. PD patients, for 

example, consistently show increased Enterobacteriaceae and reduced Prevotellaceae. Dysbiosis also 

contributes to mood disorders by disrupting microbial production of GABA, serotonin, and 

tryptophan metabolites. Although microbial biomarkers vary across studies due to disease 

heterogeneity, integrative multi-omics approaches have begun identifying shared metabolic patterns 

and therapeutic targets. Microbiota-derived metabolites such as butyrate show neuroprotective and 

anti-inflammatory effects, while fecal microbiota transplantation (FMT), prebiotics, probiotics, and 

next-generation probiotics (NGPs) are emerging as promising modulators of the GBA. Advances in 

metagenomics, metabolomics, and machine-learning–based patient profiling further support the 

development of personalized, microbiome-driven interventions for neurological disorders. 

Keywords: gut–brain axis (GBA); gut microbiota; neurodegenerative disorders; dysbiosis; short-

chain fatty acids (SCFAs); vagus nerve; neuroinflammation; Parkinson’s disease (PD); Alzheimer’s 

disease (AD); microglia; fecal microbiota transplantation (FMT) 
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1. Introduction 

1.1. Overview of Neurodegenerative Diseases (NDDs) 

1.1.1. Definition and Epidemiology 

Neurodegenerative diseases (NDDs) represent a growing global health crisis, driven by the 

aging population, and the combination of environmental factors and changes in lifestyle. These 

debilitating conditions—including Alzheimer’s disease (AD), Parkinson’s disease (PD), and 

Multiple System Atrophy (MSA)—are characterized by the progressive loss of structure or 

function of neurons and impose a significant burden on healthcare systems worldwide [1]. For 

instance, a comprehensive analysis of neurological disorders in the United States from 1990 to 2017 

revealed alarming trends in morbidity and mortality associated with NDDs [2]. The prevalence of 

AD, for example, is projected to triple globally by 2050, while PD cases are expected to double by 

2030. These statistics underscore the urgent need for innovative approaches to understand, prevent, 

and treat these debilitating conditions [3]. 

The rising incidence of NDDs highlights the inadequacy of current therapeutic strategies, many 

of which focus narrowly on managing symptoms rather than addressing underlying causes. This gap 

in understanding has spurred intense interest in novel, non-traditional pathways that link the 

gastrointestinal system to the central nervous system (CNS) [4]. Recent advances suggest that the 

gut microbiota—the complex community of microorganisms residing in the digestive tract—plays a 

pivotal and previously overlooked role in modulating NDD pathogenesis, offering new avenues for 

early intervention and precision medicine [5]. 

1.1.2. Key Pathophysiological Hallmarks  

At the core of NDD progression lies neuroinflammation, a chronic inflammatory process within 

the CNS that contributes to neuronal damage and loss. This inflammatory cascade is a shared 

hallmark of diseases like AD, PD, and MSA. However, emerging evidence points to the gut–brain 

axis (GBA) as a critical mediator of this neuroinflammation and a key player in the 'synaptic' 

communication between the gut and the brain [6]. Dysregulation of the GBA can exacerbate 

neurodegeneration by promoting systemic inflammation, oxidative stress, mitochondrial 

dysfunction, and impaired neural signaling. For instance, microbial metabolites produced in the gut, 

such as short-chain fatty acids (SCFAs), have been shown to modulate microglial activity and 

influence the expression of pro-inflammatory cytokines (Figure 1), thereby shaping the CNS 

microenvironment [7]. 

Likewise, dysbiosis—a term used to describe an imbalance or disruption in the gut microbiota—

has been increasingly implicated in the pathogenesis of NDDs. Dysbiosis can lead to increased 

intestinal permeability ("leaky gut"), enabling bacterial products like lipopolysaccharides (LPS) to 

enter systemic circulation [8]. These microbial-derived factors activate Toll-like receptors (TLRs) on 

immune cells, triggering inflammatory pathways that ultimately affect brain health. Understanding 

the direct and indirect interplay between gut dysbiosis, the GBA and neuroinflammation is 

therefore essential for unveiling the synapses underlying NDDs and developing effective, targeted 

therapies [9]. 
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Figure 1. Mechanisms of Gut Microbiota Influence on Neurodegeneration via the Gut-Brain Axis. 

1.1.3. Specific NDDs Associated with Microbiome Dysbiosis  

Recent research has established a strong correlation between gut microbiota abnormalities and 

the onset and progression of NDDs. Below are some examples of how dysbiosis influences specific 

neurodegenerative conditions: 

• Parkinson’s Disease (PD): Altered gut microbiota composition has been linked to both motor and 

non-motor symptoms of PD. Studies suggest that microbial dysbiosis precedes the clinical 

manifestation of the disease, making it a potential biomarker for early detection [10]. Key findings 

include an increased abundance of Enterobacteriaceae, which is associated with inflammation and 

oxidative stress, and reduced populations of Prevotellaceae, which play a role in mucin production 

and gut barrier maintenance. These microbial imbalances contribute to neuroinflammation, alpha-

synuclein aggregation, and the progression of PD [11]. 
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• Alzheimer’s Disease (AD): Changes in gut microbial communities have been associated with 

amyloid-beta deposition and cognitive decline, implicating the gut microbiota in AD pathogenesis. 

Dysbiosis leads to reduced production of SCFAs, which are critical for maintaining gut barrier 

integrity and preventing the translocation of pro-inflammatory molecules like LPS into systemic 

circulation [12]. Elevated levels of LPS in the blood have been linked to neuroinflammation and 

amyloid-beta accumulation, suggesting that targeting the gut microbiome could mitigate AD 

progression [13,74]. 

• Multiple System Atrophy (MSA): Preliminary findings indicate that gut dysbiosis may contribute 

to neuroinflammation and autonomic dysfunction in MSA. While research in this area is still in its 

infancy, the observed microbial alterations provide valuable insights into the role of the gut-brain 

axis in this rare but devastating condition [14]. 

Taken together, the growing body of evidence underscores the gut microbiota’s pivotal role in 

the pathogenesis of NDDs. By identifying microbial signatures and their functional contributions, 

researchers can develop targeted interventions aimed at restoring gut homeostasis and mitigating 

neurodegeneration [9]. This represents a promising frontier for early diagnosis and personalized 

treatment strategies. 

1.2. The Gut Microbiome: Definition and Importance 

1.2.1. Definition of Microbiota and Microbiome 

The human gut harbors a complex and dynamic ecosystem of microorganisms, collectively 

referred to as the microbiota (Figure 2). This community includes bacteria (the dominant members), 

archaea, fungi (primarily yeasts), viruses/phages, and protists [15]. The collective genetic material 

and functional potential of these microbes, including their metabolic products, constitute the 

microbiome a term often used interchangeably with microbiota in contemporary literature, but which 

technically refers to the entire habitat and its genetic capacity [16]. 
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Figure 2. Name of Human microbiota composition in different locations and body parts ([56] Nature). 

The gut microbiota, concentrated primarily in the colon, is one of the most biodiverse ecosystems 

in the human body, housing approximately 1013 microbial cells per gram of intestinal content. Due to 

its profound and essential influence on host physiology [17], it is frequently described as the "second 

genome". Advances in metagenomics sequencing have revealed that the gut microbiome contains 

vastly more genes (an estimated 150 times more) than the human genome, highlighting its immense 

metabolic and functional potential through encoded enzymes crucial for processes like carbohydrate 

metabolism and vitamin synthesis [18]. 

1.2.2. Role in Homeostasis 

Dysbiosis refers to a state of imbalance or disruption in the composition and function of the gut 

microbiota. Key features include reduced microbial diversity, a loss of beneficial microbial species 

(like SCFA producers), and the overgrowth of potentially pathogenic microbes [19]: 

• Immune Regulation: The microbiota educates and modulates the immune system, promoting 

tolerance to commensal microbes while defending against pathogens. It also primes innate and 

adaptive immunity, ensuring a balanced response to infections and preventing autoimmune 

reactions [20]. 

• Metabolic Activities: Gut microbes facilitate the breakdown of complex carbohydrates, fiber, and 

other indigestible compounds, producing beneficial metabolites such as SCFAs. These metabolites 

serve as energy sources for colonocytes, regulate gene expression, and exert anti-inflammatory 
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effects. Additionally, the microbiota synthesizes essential vitamins, including B vitamins and 

vitamin K, which are critical for various physiological processes [21]. 

• Colonization Resistance: By outcompeting harmful pathogens for nutrients and attachment sites, 

the gut microbiota provides a protective barrier against infections. This colonization resistance is 

particularly important for preventing the overgrowth of opportunistic pathogens like Clostridioides 

difficile [22]. 

• Energy Balance and Intestinal Homeostasis: The microbiota influences energy harvest, fat storage, 

and the maintenance of gut barrier integrity. It prevents systemic inflammation caused by bacterial 

translocation, thereby safeguarding overall health [23]. 

1.2.3. Dysbiosis 

Dysbiosis refers to an imbalance or disruption in the composition and function of the gut 

microbiota. Key features of dysbiosis include reduced microbial diversity, loss of beneficial microbial 

species, and overgrowth of potentially pathogenic microbes. These disruptions can trigger a cascade 

of adverse effects, including chronic inflammation, metabolic dysfunction, and increased 

susceptibility to diseases [24]. Dysbiosis has been implicated in a wide range of conditions, from 

gastrointestinal disorders like irritable bowel syndrome (IBS) and inflammatory bowel disease (IBD) 

to systemic illnesses, including obesity, type 2 diabetes, cardiovascular disease, and 

neurodegenerative disorders [25]. 

For examples, in Table 1, and recent studies have shown that dysbiosis in individuals 

consuming a Western diet characterized by high fat, sugar, and processed foods—leads to reduced 

SCFA production and increased levels of trimethylamine-N-oxide (TMAO), a metabolite linked to 

cardiovascular disease. Similarly, antibiotic use has been shown to reduce microbial diversity, 

leading to long-term alterations in gut microbiota composition and function. These findings 

emphasize the importance of maintaining a healthy gut microbiome for overall well-being (26, 101). 

Table 1. Overview of the Gut Microbiome, Its Functions, Associated Diseases, and Therapeutic Interventions. 

Category Details Examples/Evidence 

Composition 

of Gut 

Microbiome 

- Dominant phyla: Firmicutes and Bacteroidetes. - 

Other phyla: Proteobacteria, Actinobacteria, 

Fusobacteria, Cyanobacteria. 

- Highly individualized; varies based on diet, age, 

genetics, and lifestyle. 

- Firmicutes and Bacteroidetes 

account for ~90% of gut bacteria [27]. 

- Over 35,000 bacterial species 

identified [28]. 

Functions of 

Gut 

Microbiome 

- Immune Modulation: Educates immune cells, 

maintains tolerance. 

- Nutrient Metabolism: Digests complex carbs, 

produces SCFAs. 

- Gut Barrier Integrity: Prevents harmful substances 

from entering bloodstream. 

- Gut-Brain Axis: Influences mental health. 

- SCFAs (butyrate, propionate, 

acetate) have anti-inflammatory 

properties [29]. 

- Gut microbiome produces 

neurotransmitters like serotonin [30]. 

Causes of 

Dysbiosis 

- Antibiotics: Disrupt microbial balance. 

- Diet: High in processed foods, low in fiber. 

- Lifestyle: Stress, lack of sleep, sedentary behavior. 

- Infections: Bacterial or viral infections. 

- Antibiotic use reduces microbial 

diversity [31]. 

- High-fat diets promote harmful 

bacteria [32]. 

Diseases 

Linked to 

Dysbiosis 

- Inflammatory Disorders: IBD, IBS, psoriasis. 

- Cancer: Influences tumor growth and therapy 

efficacy. 

- Metabolic Disorders: Obesity, type 2 diabetes. 

- IBD patients show reduced 

microbial diversity [33]. 

- Dysbiosis linked to obesity [34]. 

- Gut-brain axis implicated in 

depression [35]. 
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Category Details Examples/Evidence 

- Mental Health: Anxiety, depression, 

neurodegenerative diseases. 

Therapeutic 

Intervention

s 

- Probiotics: Live bacteria that confer health benefits. 

- Prebiotics: Non-digestible fibers that promote 

beneficial bacteria. 

- FMT: Transplants fecal matter from healthy donors. 

- Dietary Interventions: High-fiber diets, specific 

herbs. 

- Probiotics like Lactobacillus improve 

gut barrier function [36]. 

- FMT has a 90% success rate in 

treating C. difficile infections [37]. 

-Pseudostellaria heterophylla improves 

gut health [38]. 

Specific 

Bacteria and 

Their Roles 

- Akkermansia muciniphila: Improves metabolic 

health, enhances immunotherapy. 

- Bifidobacterium: Promotes antitumor immunity, 

treats IBD. 

- Faecalibacterium prausnitzii: Anti-inflammatory, 

produces butyrate. 

- Akkermansia improves insulin 

sensitivity [39]. 

- Bifidobacterium enhances anti-PD-1 

immunotherapy [40]. 

Gut 

Microbiome 

and Cancer 

- Influences tumor microenvironment (TME). 

- Modulates immune responses to immunotherapy. 

- Specific bacteria enhance or inhibit tumor growth. 

- Bifidobacterium improves response to 

anti-PD-1 therapy in melanoma [41]. 

- Dysbiosis linked to colorectal cancer 

[42]. 

Gut 

Microbiome 

and Mental 

Health 

- Produces neurotransmitters (serotonin, GABA). 

- Influences mood, anxiety, and depression. 

- Linked to neurodegenerative diseases like 

Alzheimer’s. 

- Gut-brain axis implicated in anxiety 

and depression [41]. 

- SCFAs reduce neuroinflammation 

[43]. 

Ethical 

Consideratio

ns for FMT 

- Informed Consent: Patients must understand risks 

and benefits. 

- Donor Screening: Rigorous screening to prevent 

disease transmission. 

- Long-Term Safety: Lack of long-term data on FMT 

outcomes. 

- FMT has been associated with rare 

cases of severe infections [44]. 

- Ethical concerns include donor 

selection and regulatory oversight 

[45]. 

1.3. The Gut–Brain Axis (GBA): Concept and Relevance 

1.3.1. Conceptual Framework 

The Gut–Brain Axis (GBA) represents a bidirectional communication network linking the 

gastrointestinal (GI) tract to the central nervous system (CNS). This intricate system integrates 

multiple pathways, including neural, endocrine, and immunological routes, to coordinate gut health 

with host physiology and neurological function [46]. 

• Neural Pathways: The vagus nerve serves as a primary conduit for transmitting signals between 

the gut and brain. Recent research has demonstrated that microbial metabolites such as SCFAs and 

bile acids activate vagal afferent neurons in a receptor-dependent manner, enabling the gut 

microbiome to modulate chemosensory signals transmitted to the brain [47]. 

• Endocrine Pathways: Hormones and neurotransmitters produced by gut microbes influence CNS 

activity. For example, serotonin—a neurotransmitter critical for mood regulation—is 

predominantly synthesized in the gut, where it interacts with enterochromaffin cells and vagal 

afferents [48]. 

• Immunological Pathways: Cytokines and other immune mediators modulate neuroinflammation 

and brain function. Dysbiosis can disrupt this balance, leading to systemic inflammation and 

neuroinflammation [49]. 
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Additionally, the GBA connects the CNS, autonomic nervous system (ANS), enteric nervous 

system (ENS), and hypothalamic-pituitary-adrenal (HPA) axis, creating a comprehensive regulatory 

network. 

1.3.2. Emerging Role 

The GBA plays a pivotal role in maintaining systemic health and regulating neurological 

function. It influences processes such as satiety, digestion, mood, and behavior. Recent studies have 

highlighted the GBA’s involvement in psychiatric disorders, including anxiety and depression, as 

well as its contribution to neurodegenerative diseases [50]. For instance, dysbiosis-induced systemic 

inflammation has been linked to the development of depressive symptoms, while altered gut 

microbiota composition has been associated with cognitive decline in AD patients [51]. 

Understanding the mechanisms underlying antibiotic-induced dysbiosis and its systemic effects 

via the GBA is critical for developing novel therapeutic strategies. For example, probiotics, prebiotics, 

fecal microbiota transplantation (FMT), and dietary interventions have shown promise in restoring 

gut homeostasis and alleviating symptoms of NDDs [5,9,52]. 

1.3.3. Dysbiosis via the GBA  

Alterations in the gut microbiota, whether due to antibiotics, diet, or environmental factors, can 

disrupt GBA signaling, leading to systemic inflammation and neuroinflammation. These changes 

have been linked to the pathophysiology of psychiatric and neurodegenerative disorders [53], 

emphasizing the importance of the gut microbiota in CNS health. By leveraging tools like microbiome 

profiling and multi-omics integration, researchers can identify microbial signatures and develop 

personalized interventions to target the gut-brain axis effectively (Table 2) [54]. 

Table 2. Specific Gut Microbiota Alterations and Disease Signatures. 

Disease/Clinical 

Context 

Microbial Taxa 

(Genus/Phylum/Specie

s) 

Observed 

Alteration 
Clinical Implication/Mechanism Source(s) 

Autoimmune 

Diseases (Shared 

Patterns) 

Enterococcus, Veillonella, 

Streptococcus, 

Lactobacillus, 

Erysipelotrichaceae 

incertae sedis 

Enriched 

(Increased 

abundance in 

patients) 

These alterations are notably consistent 

and strong, indicating a higher 

homogeneity of microbial markers 

across different autoimmune diseases 

compared to other categories (cancer, 

metabolic, nervous system disease). 

Enrichment of Enterococcus may drive 

organ-specific and systemic 

autoimmunity. 

[69,70] 

Autoimmune 

Diseases (Shared 

Patterns) 

Ruminococcus, 

Faecalibacterium, 

Alistipes, Roseburia, 

Coprococcus, Oscillibacter 

(among others) 

Depleted 

(Decreased 

abundance in 

patients) 

Characteristically depleted genera noted 

across meta-analyses of autoimmune 

diseases. 

[71] 

Psoriasis Firmicutes 
Higher 

prevalence 

Characteristic of unique fecal microbial 

communities observed in psoriasis 

patients. 

[72] 

Psoriasis Bacteroidetes 
Lower 

prevalence 

Characteristic of unique fecal microbial 

communities observed in psoriasis 

patients. 

[72} 

Psoriasis 

Ruminococcus and 

Megasphaera 

(Firmicutes) 

Most 

significant 

Identified as having significantly 

different abundances in psoriasis cases 

compared to controls. 

[73] 
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difference in 

abundance 

Hepatocellular 

Carcinoma (HCC) 

Progression 

LPS-producing 

Klebsiella spp. and 

Haemophilus spp. 

Increased 

Increased LPS levels boost HCC 

progression by stimulating the NF-κB 

pathway and producing pro-

inflammatory cytokines, leading to 

hepatic inflammation and oxidative 

damage. 

[74] 

HCC Progression 
Butyrate (Microbial 

metabolite) 
Decreased 

Promotes the development of HCC by 

leading to impaired energy supply to 

the intestinal mucosa and collapse of 

regulatory programs in host cells. 

[75] 

HCC 

Immunotherapy 

Response (Anti-

PD-1) 

Akkermansia muciniphila 

and Ruminococcaceae 

spp. 

Higher 

abundance (in 

responsive 

patients) 

Fecal samples from immunotherapy-

responsive HCC patients showed a 

higher abundance of these taxa 

compared to non-responders, 

suggesting they are effective markers for 

predicting clinical response and survival 

benefit. 

[76] 

HCC 

Immunotherapy 

Response (Anti-

PD-1) 

Lachnoclostridium, 

Lachnospiraceae, and 

Veillonella 

Predominant 

(in patients in 

objective 

remission) 

Found to be predominant in HCC 

patients who achieved objective 

remission before receiving 

immunotherapy. 

[77] 

HCC 

Immunotherapy 

Response (Anti-

PD-1) 

Prevotella 9 

Significantly 

enriched (in 

progressive 

disease) 

Associated with progressive forms of 

HCC disease after immunotherapy. 

Patients depleted in Prevotella 9 and 

enriched in Lachnoclostridium showed 

better Overall Survival (OS) and 

Progression-Free Survival (PFS). 

[78] 

Esophageal Cancer 

(ESCC/EAC) 

Streptococcus, Veillonella, 

Prevotella, 

Porphyromonas 

gingivalis, Fusobacteria 

More 

abundant 

Found to be more common in patients 

with Esophageal Squamous-Cell 

Carcinoma (ESCC) and Esophageal 

Adenocarcinoma (EAC). P. gingivalis 

and F. nucleatum LPSs stimulate the NF-

κB pathway via the TLR-4/MyD88 

cascade. 

[79] 

2. Composition and Structure of the Gut Microbiome 

The human gut microbiome—a term often used interchangeably with "microbiota" but 

technically referring to the collective genetic material of microorganisms residing in the gut—

represents one of the most complex and dynamic ecosystems known to science. This intricate 

microbial community is not only vast in diversity and density but also plays a pivotal role in 

maintaining host health [54]. Recent advances in metagenomics, transcriptomics, and multi-omics 

integration have deepened our understanding of its structure, composition, and functional 

significance. Below, we synthesize current knowledge on the key components, anatomical 

distribution, variability, and factors influencing the gut microbiome [55]. 

2.1. Key Microbial Components and Genetic Scale 

The microbial community in the gut consists of trillions of symbiotic microbial cells. This 

complex community includes not only bacteria, but also archaea (single-celled organisms without 

nuclei), fungi (mostly yeasts), viruses/phages, and protozoa/ microbial eukaryotes. The collective 
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genetic material of these microbes (the microbiome) is immense, estimated to be 150 times greater 

than the human genome [56]. 

In terms of density: 

• The human gut microbiota represents the highest species diversity and quantity of microorganisms 

in the body. 

• The number of microbial cells in the gut is estimated to be 10–100 trillion. 

• The microbial density in the colon reaches up to 1012 cells per gram of intestinal material [57]. 

2.2. Dominant Bacterial Phyla and Genera 

While thousands of bacterial species exist in the gut, the community is dominated by a few major 

phyla, which are highly conserved across nearly all individuals. 

Phylum General Characteristics and Abundance 

Firmicutes 
Along with Bacteroidetes, they make up more than 90% of the entire gut population. 

Firmicutes alone constitute approximately 70% of the total gut bacteria population [58]. 

Bacteroidete

s 

The second predominant phylum, making up about 23% of the total gut bacteria. They are 

highly conserved across individuals. [59] 

The gut environment is also favorable to the growth of bacteria from other primary phyla, 

including Actinobacteria, Proteobacteria, Fusobacteria, Verrucomicrobia, and Cyanobacteria [60]. 

At the genus level, several groups are highly prevalent: 

• Species belonging to the Firmicutes group, such as Ruminococcus, Eubacterium, and Clostridium, 

are highly prevalent. 

• Other dominant genera in the large intestine include Bacteroides, Bifidobacterium, 

Propionibacterium, Peptostreptococcus, and Ruminococcus [61]. 

• The microbial environment is overwhelmingly dominated by anaerobic bacteria, accounting for 

about 99% of the bacteria in the gut [62]. 

2.3. Anatomical Distribution of Microbiota 

The distribution, quantity, and specific type of microorganisms vary significantly throughout 

the gastrointestinal tract due to differing physiology, pH, substrate availability, and oxygen partial 

pressure. 

Location Characteristics and Dominant Taxa 

Stomach and 

Small 

Intestine 

These areas have a lower species count and diversity compared to the colon. The most 

abundant phyla here tend to be Proteobacteria and Firmicutes, which can withstand 

lower pH and other factors. Commonly found genera include Prevotella, Veillonella, and 

Streptococcus [63]. 

Large 

Intestine 

(Colon) 

This region is home to the most dense and diverse microbial community. Anaerobic 

conditions here provide an ideal environment for anaerobic growth. Most microbial 

biomass and metabolism occur in the luminal contents of the large intestine [64]. 

2.4. Variability and Factors Influencing Composition 

The gut microbiome is highly individualized, shaped by a complex interplay of intrinsic and 

extrinsic factors. Understanding this variability is critical for developing personalized therapeutic 

strategies. 
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• Inter-Individual Variability: Although the major phyla (Firmicutes and Bacteroidetes) are highly 

conserved in virtually all individuals, the relative proportions of these two phyla can vary 

dramatically among healthy people, ranging from 10% to 90%. The variation in flora between 

individuals is undeniable [65]. 

• Host Factors: The nature of the symbiotic relationship is intricately influenced by age, genetic 

makeup, the host's immune status, and environmental factors. 

• Diet: Diet is a significant factor in shaping the gut microbiota. Dietary choices, such as adherence to 

plant-based diets versus the Western diet, profoundly affect the community structure [66]. 

• Disease and Dysbiosis: Dysbiosis, characterized by a reduction in beneficial species or a decrease 

in overall diversity, is associated with the onset and progression of numerous diseases, including 

infectious diseases, metabolic disorders (like obesity and type 2 diabetes), autoimmune diseases, 

and cancer [67]. 

• Stability: While the structure and function of gut microbiota tend to be stable in adult humans, 

events such as antibiotic treatments and diseases can cause alterations. However, the notion that an 

individual’s microbiome will be universally stable is one of the common pitfalls in clinical 

expectations [68]. 

The genetic material contained within the bacterial community is specifically referred to as the 

microbiome. Advancements in tools like metagenomic sequencing allow for the genomic and 

functional analysis of this community, characterizing not only the taxonomy but also the functional 

potential encoded by these genes. 

3. The Gut–Brain Axis: Communication Mechanisms 

The Gut–Brain Axis (GBA) represents a sophisticated bidirectional communication network that 

intricately links the gastrointestinal (GI) tract to the central nervous system (CNS). This axis integrates 

multiple pathways, including neural, humoral (endocrine/metabolite), and immunological 

mechanisms, to coordinate gut health with host physiology and neurological function [80]. By 

bridging the gap between the gut microbiome and brain activity, the GBA has emerged as a pivotal 

player in understanding systemic health and disease pathogenesis. Recent advances have shed light 

on the molecular and physiological underpinnings of this axis, providing new insights into how 

microbial signals influence brain function and behavior [81]. 

3.1. Neural Pathways (Vagus Nerve and ENS) 

The neural pathway provides rapid communication between the gut and the brain, utilizing the 

body's nervous systems. 

a. Vagus Nerve Function: 
At the core of the GBA lies the vagus nerve, which serves as a critical conduit for transmitting 

signals between the gut microbiome and the brain. This cranial nerve facilitates rapid communication 

by conveying chemosensory signals from the gut lumen to the CNS [82]. Recent studies have 

provided compelling evidence of the vagus nerve’s role in gut microbiome brain signaling (Table 3), 

addressing a long-standing gap in understanding this complex axis. Notably, research has 

demonstrated a clear causal relationship between gut microbiota composition and vagal nerve 

activity, underscoring the importance of microbial modulation in neural signaling [82]. 

For instance, germ-free mice—animals raised without any gut bacteria—exhibit significantly 

lower vagal nerve activity compared to their colonized counterparts. Remarkably, this reduced vagal 

tone is reversible upon the introduction of gut bacteria, highlighting the dynamic interplay between 

microbes and neural pathways [83]. Furthermore, experiments involving antibiotics have revealed 

that disrupting the gut microbiota acutely decreases vagal activity. Restoring the gut environment by 

reintroducing intestinal fluids from normal mice restores vagal activity, whereas fluids from germ-
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free mice fail to elicit the same effect. These findings confirm the existence of a direct gut-to-brain 

pathway mediated by the vagus nerve, with activation extending to neurons in the brainstem [84]. 

b. Enteric Nervous System (ENS):  

The GBA’s neural pathway is mediated by both the vagus nerve and the ENS, often referred to 

as the "second brain." In addition to the vagus nerve, ENS often referred to as the "second brain" plays 

a crucial role in mediating the GBA’s neural pathways. The ENS comprises two main components 

[85]: 

• Meissner’s Plexus: Located in the intestinal submucosa, this network regulates secretory functions. 

• Auerbach’s Plexus: Found in the muscular layer of the gut, it governs peristalsis and other motor 

functions [86]. 

The ENS is densely interconnected by neural fibers and closely linked with gut-associated 

lymphoid tissue (GALT), forming a complex regulatory network. This intricate interplay between the 

ENS and gut bacteria is essential for maintaining homeostasis within the GBA. Dysregulation of this 

interaction has been implicated in disorders such as irritable bowel syndrome (IBS) and 

neurodegenerative diseases [87], emphasizing the ENS’s role as a key mediator of gut–brain 

communication. 

3.2. Humoral and Metabolic Pathways 

Microbial metabolites represent a cornerstone of the GBA, acting as molecular messengers that 

extend the influence of gut microbes far beyond the gastrointestinal tract. These small molecules 

regulate systemic pathways and exert effects on distant organs, including the brain. Among the most 

well-studied microbial metabolites are short-chain fatty acids (SCFAs) [88], bile acids, and indoles, 

all of which play critical roles in modulating host health and neural function. 

a. Microbial Metabolites as Signals:  

The gut microbiota produces a wide array of secondary metabolites that extend their effects far 

beyond the gastrointestinal tract, influencing systemic pathways and distant organs. Specific 

microbial metabolites, including short-chain fatty acids (SCFAs), bile acids, and 3-indoxyl sulfate, 

activate vagal afferent neurons in a receptor-dependent manner [89]. Serial perfusion of each 

metabolite class activates both shared and distinct neuronal subsets with varied response kinetics. 

b. Short-Chain Fatty Acids (SCFAs):  

SCFAs namely, butyrate, propionate, and acetate—are generated through the fermentation of 

dietary fiber and complex carbohydrates by the gut microbiota. The main bacterial phyla involved in 

SCFA production are Firmicutes and Bacteroidetes [90]. 

• SCFAs represent a valuable source of energy for host cells. 

• SCFAs (alongside bile acids) are key activators of vagal neurons. 

• SCFA acetate promotes the proliferation of human neural progenitor cells. 

SCFAs have diverse effects, including regulation of gene expression, apoptosis, and maintaining 

the integrity of the gastrointestinal epithelium. Butyrate, in particular, is crucial for promoting host 

cell differentiation, inflammation control, apoptosis, and intestinal mucosal integrity [91]. 

c. Neurotransmitters: 

Gut bacteria synthesize various neuroactive compounds that directly affect CNS function, 

behavior, and mood. These include serotonin, acetylcholine, dopamine, and gamma-aminobutyric 

acid (GABA). Both serotonin and GABA are critical for mood regulation. Probiotics have also been 

linked to neurotransmitters like serotonin, GABA, histamine, noradrenaline, and adrenaline [92]. 

d. Bile Acids and Indoles: Modulators of Systemic Health 

Symbiotic intestinal bacteria mediate the conversion of primary bile acids (BAs) to secondary 

BAs, which can enter systemic circulation and influence glucose homeostasis by interacting with 

nuclear receptors. Secondary BAs also possess antimicrobial properties, shaping gut microbiota 
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composition and protecting the host from pathogens. Alterations in bile acid metabolism, driven by 

changes in gut microbial composition, have been linked to dyslipidemia and metabolic disorders [93]. 

Similarly, indole derivatives such as 3-indoxyl sulfate are regulated by the gut microbiome and 

activate vagal afferent neurons. These compounds contribute to systemic communication within the 

GBA, further emphasizing the gut microbiota’s role in maintaining host health [94]. 

e. Trimethylamine-N-Oxide (TMAO): A Double-Edged Sword 

The gut microbiota metabolizes dietary choline, lecithin, and L-carnitine to produce 

trimethylamine (TMA), which is subsequently oxidized in the liver to form trimethylamine-N-oxide 

(TMAO). While TMAO plays a role in lipid metabolism, elevated levels in the blood have been 

associated with an increased risk of cardiovascular disease and stroke. This duality highlights the 

complex balance between beneficial and detrimental microbial metabolites in systemic health [95]. 

Acting as a critical mediator of the gut-brain axis, TMAO circulates in human blood and 

cerebrospinal fluid. Notably, high concentrations of TMAO are detrimental to the neurovascular unit 

(NVU), which is the functional collective of the cerebrovascular system's vascular and glial cells, 

neurons, and extracellular matrix [95]. 

Table 3. Key Signaling and Regulatory Molecules. 

Component Origin Function/Role in Disease Source(s) 

Short-Chain 

Fatty Acids 

(SCFAs) (e.g., 

Butyrate, 

Acetate) 

Produced by gut bacteria 

via fermentation of dietary 

fibers. 

Protective: Maintain integrity of the mucosal 

barrier and tight junctions. Flow to the liver via 

portal circulation, reducing hepatic 

inflammatory injury. Drive NLRP6 

inflammasomes. 

[29,40,75] 

Lipopolysacchari

de (LPS) 

Component of microbe-

derived Pathogen-

Associated Molecular 

Patterns (PAMPs). 

Inflammatory/Pathogenic: Recognised by TLR 

receptors, activating NF-κB. Flows via the 

portal vein to the liver, activating Kupffer cells 

and initiating immunoregulatory programs. 

[13,74] 

Bile Acids (BAs) 

/ Secondary BAs 

Primary BAs synthesized in 

the liver; converted to 

Secondary BAs (SBAs) by 

intestinal microorganisms. 

Metabolic/Immune Modulators: SBAs have 

weaker NK cell activation ability than primary 

BAs, potentially favoring tumor proliferation. 

[93,94] 

3.3. Immune and Inflammatory Pathways 

The intricate interaction between the gut microbes and the host immune system is pivotal for 

maintaining immune homeostasis and regulating inflammatory processes. 

a. Neuroinflammation:  

The GBA is thought to be associated with neuroinflammation, a process leading to the loss of 

neurons typical of neurodegenerative diseases (NDDs) like Alzheimer’s disease (AD) and 

Parkinson’s disease (PD). The host microbiota constantly controls the maturation and function of 

microglia in the CNS. Disruptions in the gut microbial balance can lead to a dysregulated immune 

response, resulting in chronic inflammation [96]. 

b. LPS and Endotoxin Translocation:  

Dysbiosis can compromise the structural stability and functional balance of the intestinal barrier 

[97]. 

• LPS (Lipopolysaccharide): Microbe-derived factors, including LPS, a structural part of Gram-

negative bacteria, are recognized as Pathogen-Associated Molecular Patterns (PAMPs) by Pattern 

Recognition Receptors (PRRs). 

• Increased Intestinal Permeability ("Leaky Gut"): Dysbiosis leads to intestinal barrier destruction. 

Increased gut permeability enhances the absorption of LPS. Bacterial products and PAMPs enter the 

portal circulation and access the liver. 
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• Inflammatory Activation: PAMPs, such as LPS, bind to Toll-like receptors (TLRs) (e.g., TLR4) on 

immune cells, such as Kupffer cells in the liver. This binding activates inflammatory pathways. The 

binding of LPS to TLR4 on intestinal epithelial cells, triggering the TLR4–MyD88 pathway, also 

stimulates the NF-κB pathway [97]. 

c. Cytokine Release:  

This systemic activation leads to the release of pro-inflammatory mediators [98]. 

• Toxic Effect on CNS: The synthesis of pro-inflammatory cytokines can be induced by LPS. Pro-

inflammatory cytokines have a toxic effect on the central nervous system (CNS). 

• Specific Cytokines: Activation of Kupffer cells and other immune cells promotes the release of 

inflammatory mediators, such as Tumor Necrosis Factor-alpha (TNF-α) and Interleukin-6 (IL-6). 

These are major contributors to the inflammatory cascade [98]. 

4. Microbiota Dysbiosis in Specific Neurodegenerative Diseases 

The involvement of the gut microbiota in neurodegenerative diseases (NDDs) has become a focal 

point of emerging research, driven by the realization that alterations in microbial community 

structure (dysbiosis) and function can profoundly influence the central nervous system (CNS) 

through the gut–brain axis. This section explores the role of dysbiosis in specific neurodegenerative 

and neurological disorders, highlighting microbial signatures, metabolite influences, and therapeutic 

implications [99]. 

4.1. Alzheimer’s Disease (AD) 

a. Microbial Signatures:  

The pathogenesis of Alzheimer’s disease (AD) is increasingly linked to pathogenic bacteria, such 

as Mycobacterium tuberculosis, Staphylococcus aureus, and Salmonella spp., which may contribute to 

neuroinflammation and amyloid-beta deposition. Dysbiosis, characterized by an overgrowth of 

harmful microbiota and a loss of beneficial species, plays a critical role in AD progression. This 

imbalance disrupts immune homeostasis and promotes systemic inflammation, which can exacerbate 

neurodegeneration [100]. 

b. Metabolite Influence:  

Microbial metabolites significantly modulate cognitive function and neurological health in AD. 

Short-chain fatty acids (SCFAs), particularly butyrate, are key products of gut microbial fermentation 

with neuroprotective properties. Butyrate regulates gene expression, reduces Neuroinflammation, 

and enhances mitochondrial function, offering potential therapeutic applications for AD. 

Additionally, SCFAs play a crucial role in maintaining gut barrier integrity, preventing the 

translocation of pro-inflammatory molecules like lipopolysaccharides (LPS) into systemic circulation 

[13,14,100]. 

4.2. Parkinson’s Disease (PD) 

a. Microbial Alterations:  

A growing body of evidence underscores the gut microbiota's pivotal role in Parkinson’s disease 

(PD) pathogenesis. Changes in gut microbiota composition have been observed to precede the onset 

of motor and non-motor symptoms in PD patients. Key findings include [101]: 

• Increased abundance of Enterobacteriaceae, which is associated with inflammation and oxidative 

stress [11]. 

• Reduced populations of Prevotellaceae, which are involved in mucin production and gut barrier 

maintenance. These microbial imbalances are thought to contribute to neuroinflammation, alpha-

synuclein aggregation, and the progression of PD [11,63,78]. 
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b. Therapeutic Relevance:  

Short-chain fatty acids (SCFAs) produced by microbial fermentation exhibit neuroprotective 

effects and modulate immune responses, making them promising therapeutic candidates for PD. 

Additionally, Fecal Microbiota Transplantation (FMT)—a procedure aimed at restoring a healthy 

microbial community—has shown preliminary success in preclinical studies. FMT has been explored 

as a means to reverse dysbiosis and alleviate symptoms in PD patients, although further clinical trials 

are needed to validate its efficacy [27–31]. 

4.3. Other Neurological and Nervous System Diseases 

a. Associated Disorders: Dysbiosis has been implicated in various neurological and nervous 

system diseases, including [102]: 

• Multiple System Atrophy (MSA): Abnormal gut microbiota composition has been correlated with 

MSA, contributing to neuroinflammation and autonomic dysfunction [3,6,14]. 

• Parkinson’s Disease (PD): As discussed earlier, PD exhibits distinct microbial alterations. 

• Multiple Sclerosis (MS): MS is characterized by autoimmune-mediated damage to the CNS, with 

gut microbiota playing a role in modulating immune responses. Meta-analyses have highlighted 

the link between microbial dysbiosis and MS progression. 

• Autism Spectrum Disorders (ASD): Altered gut microbiota composition has been associated with 

behavioral and cognitive symptoms in ASD, emphasizing the gut–brain axis's role in 

neurodevelopmental disorders [102]. 

b. Heterogeneity of Microbial Signatures: A comprehensive meta-analysis comparing microbial 

alterations across broad disease categories revealed notable differences in microbial signatures: 

• Autoimmune Diseases (e.g., IBD, RA, SLE): These conditions exhibit consistent microbial changes, 

including enrichment of genera such as Enterococcus, Veillonella, Streptococcus, and Lactobacillus, 

alongside depletion of beneficial taxa like Ruminococcus, Faecalibacterium, and Butyricicoccus [69,70]. 

• Nervous System Diseases (e.g., MS, PD): In contrast, microbial alterations in nervous system 

diseases appear more heterogeneous, with no consistent markers identified across the category. 

This heterogeneity suggests that the microbiomes associated with NDDs are highly individualized 

and influenced by factors such as genetics, environmental exposures, and disease stage [2,9]. 

The lack of consistent microbial signatures in nervous system diseases highlights the complexity 

of these disorders and underscores the need for personalized approaches in microbiome-targeted 

therapies. 

5. Mechanisms of Molecular Action 

The gut microbiota exerts a profound influence on host physiology and neurological health 

through the production of bioactive metabolites, modulation of barrier integrity, and regulation of 

inflammatory signaling pathways. These mechanisms highlight the intricate interplay between the 

gut microbiota and the central nervous system (CNS), mediated via the gut–brain axis [23,81,88]. 

5.1. Role of SCFAs and Neuroactive Metabolites 

a. Epigenetic Regulation: SCFAs Modulate Epigenetic Mechanisms  

Microbial metabolites, particularly short-chain fatty acids (SCFAs), play a pivotal role in 

epigenetic regulation by modulating DNA methylation and histone modifications. This modulation 

offers a novel therapeutic avenue for reprogramming disease-associated epigenetic alterations [90]. 

i. Histone Modification and Gene Transcription:  
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SCFAs exert their epigenetic effects by inhibiting histone deacetylase (HDAC) activity, thereby 

promoting histone acetylation. This process influences gene transcription, leading to the activation 

or repression of specific genes [103]. 

• Butyrate as an HDAC Inhibitor: Butyrate is a potent HDAC inhibitor that suppresses the activities 

of HDAC1 and HDAC2. This inhibition can activate tumor suppressor genes while repressing 

oncogenes, reducing the risk of tumorigenesis. Butyrate has also been shown to promote apoptosis 

and inhibit cancer cell proliferation. Additionally, SCFAs modulate T-cell receptor signaling in 

cytotoxic CD8+ T cells, enhancing anti-PD-1 anti-tumor efficacy [104]. 

b. Neural Communication: Microbial Metabolites Activate Vagal Afferent Neurons 

Microbial metabolites produced in the intestinal lumen regulate neural communication along 

the gut–brain axis, particularly through the vagus nerve [7,47]. 

i. Vagal Neuron Activation:  

SCFAs, bile acids, and 3-indoxyl sulfate are key microbial metabolites that stimulate vagal 

afferent neurons in a receptor-dependent manner [48]. 

• Chemosensory Signals: These metabolites enable the microbial modulation and transmission of 

chemosensory signals from the gut to the brain [47]. 

• Target Specificity: Serial perfusion of each metabolite class activates both shared and distinct 

neuronal subsets within the vagus nerve, demonstrating varied response kinetics. Metabolite-

induced increases in vagal activity correspond with the activation of brainstem neurons, confirming 

a direct gut-to-brain communication pathway [26]. 

ii. Neurotransmitters: 

Gut bacteria synthesize neuroactive compounds such as gamma-aminobutyric acid (GABA), 

serotonin, dopamine, and acetylcholine, which directly affect CNS function and mood regulation. 

Dysregulation of these neurotransmitters is implicated in psychiatric and neurodegenerative 

disorders [30,41]. 

5.2. Impact on Barrier Integrity (Gut and CNS) 

a. Intestinal Permeability: Dysbiosis Damages the Intestinal Barrier  

The gut barrier serves as a critical interface between the intestinal lumen and systemic 

circulation, preventing the translocation of harmful substances such as bacteria, endotoxins, and 

antigens. Dysbiosis compromises this barrier's structural stability (Table 4) and functional balance 

[23,29,30]. 

Table 4. Structural Compartments and Boundaries (The Axes) [89]. 

Component Description Relevance to the Axis/Diagram Source(s) 

Gut 

Lumen/Microbiota 

The ecosystem containing 

trillions of microorganisms, 

including bacteria, viruses, 

and fungi. 

Source of microbial factors (PAMPs) and 

metabolites (SCFAs, BAs) that drive 

systemic signaling. 

[56] 

Intestinal Barrier / 

Epithelial Cells 

(IECs) 

The physical boundary, 

including the protective 

mucus layer and tight 

junctions, crucial for 

maintaining symbiosis. 

Integrity disruption allows microbial 

factors (LPS, PAMPs) to translocate into 

the host circulation. 

[22,27] 

Enteric Nervous 

System (ENS) / 

Vagus Nerve 

The nervous component 

facilitating bidirectional 

Essential, activity-based evidence for the 

Gut–Brain Axis (GBA). Vagal activity is 
[47,48] 
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communication, including 

vagal afferent neurons. 

regulated by select microbial metabolites 

in the small intestine. 

Portal Circulation / 

Hepatic Portal Vein 

The anatomical link 

connecting the gut to the liver 

(Gut–Liver Axis). 

Transport route for gut-derived products 

(LPS, SCFAs, BAs) directly to the liver. 
[93] 

Liver 

Target organ for systemic 

immune activation; contains 

resident immune cells 

(Kupffer cells). 

Site where LPS activates Kupffer cells. 

Involved in primary bile acid synthesis 

and metabolism. 

[97,98] 

Central Nervous 

System (CNS) / 

Brain 

Target organ modulated by 

the GBA; contains brainstem 

neurons. 

Receives metabolite-induced 

chemosensory signals transmitted via the 

vagus nerve. 

[47,82] 

i. Damage Mechanisms: 

• Direct mucolytic activity, acetaldehyde production by microbiota from ethanol metabolism, or 

activation of the NF-κB pathway by bacterial products can damage the intestinal barrier [97]. 

• Increased intestinal permeability, commonly referred to as "leaky gut," facilitates the translocation 

of bacterial products like lipopolysaccharide (LPS) and other Pathogen-Associated Molecular 

Patterns (PAMPs) into systemic circulation [105]. 

b. SCFA Protection: SCFAs are Vital for Preserving the Gut Barrier 

SCFAs play a crucial role in maintaining the integrity and functionality of the intestinal barrier. 

ii. Gut Barrier Integrity: 

• SCFAs regulate the balance between the function and morphology of the mucosal barrier, protect 

tight junctions, and maintain barrier permeability [23]. 

• SCFA-Specific Roles: Butyrate is particularly critical for promoting cell regeneration and 

maintaining intestinal barrier function. Supplementation with SCFAs can restore a damaged 

intestinal barrier. 

• Therapeutic Relevance: Probiotic strains such as Lactobacillus improve intestinal barrier integrity, 

reducing bacterial translocation across the mucosa and mitigating systemic inflammation [69]. 

c. CNS Consequences: Systemic Inflammation is Linked to CNS Toxicity 

The translocation of PAMPs and inflammatory signals from a compromised gut barrier leads to 

systemic inflammation, which directly impacts the CNS. 

iii. Inflammatory Cascade: 

• In the liver, PAMPs like LPS bind to Toll-like receptors (TLRs) on immune cells, such as Kupffer 

cells, activating inflammatory pathways via the NF-κB pathway [105]. 

• This activation induces the production of pro-inflammatory mediators, including Tumor Necrosis 

Factor-alpha (TNF-α) and Interleukin-6 (IL-6) [98]. 

iv. Neuroinflammation and CNS Toxicity: 

• Pro-inflammatory cytokines have toxic effects on the CNS, contributing to neuroinflammation and 

neurodegeneration. For example, endogenous alcohol (produced by gut bacteria) and LPS 

translocation are hypothesized to exacerbate conditions like nonalcoholic steatohepatitis (NASH) 

and neurodegenerative diseases [6,9,11]. 

v. Protection through SCFAs: 

• Conversely, intestinal-derived SCFAs flow to the liver via the portal circulation, where they 

mitigate hepatic inflammatory injury and oxidative stress. SCFAs also exert neuroprotective effects 

by modulating microglial activity and reducing neuroinflammation [23,69]. 
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6. Therapeutic Approaches Targeting the Microbiome 

Microbiome-driven therapeutics represent a rapidly evolving field aimed at addressing complex 

diseases, including neurodegenerative disorders (NDDs), by correcting gut microbial imbalances 

(dysbiosis) and modulating host–microbe interactions. These interventions leverage the gut 

microbiota's profound influence on systemic health through the gut–brain axis (GBA), offering novel 

strategies for disease prevention and treatment [106]. 

6.1. Probiotics, Prebiotics, and Synbiotics 

a. Probiotics:  

Probiotics are live microorganisms, primarily bacteria and yeast, that confer health benefits 

when consumed in adequate amounts. 

Examples and Composition:  

Common probiotic strains include reclassified Lactobacillus genera (e.g., Lacticaseibacillus, 

Limosilactobacillus), Bifidobacterium species, and Saccharomyces boulardii. For instance, Bifidobacterium 

bifidum has demonstrated efficacy in improving tumor control and enhancing anti-PD-L1 therapy in 

both mice and humans [107]. 

i. Mechanisms of Action: 

• Immune Modulation: Probiotics regulate immune responses by influencing cytokine production 

and promoting an anti-inflammatory state. They also modulate immune cells and intestinal 

epithelia, mitigating dysbiosis-related illnesses [108]. 

• Barrier Integrity: Strains like Lactobacillus strengthen the intestinal barrier, reducing bacterial 

translocation and systemic inflammation. 

• Antimicrobial Production: Probiotics produce antimicrobial agents (e.g., bacteriocins) that inhibit 

pathogenic microbes [107]. 

• Neurotransmitter Influence: Probiotics synthesize neurotransmitters such as serotonin, GABA, and 

dopamine, impacting mood regulation and neuroimmunological conditions [109]. 

ii. Next-Generation Probiotics (NGPs):  

NGPs, derived directly from the human gut microbiota, offer enhanced adaptability. Promising 

candidates include Faecalibacterium prausnitzii and Akkermansia muciniphila, which exhibit anti-

inflammatory properties and potential roles in managing chronic diseases [110]. 

iii. Clinical Trials (Non-NDD):  

Probiotics have successfully managed conditions like irritable bowel syndrome (IBS), 

inflammatory bowel disease (IBD), and antibiotic-associated diarrhea. In psychiatric contexts, they 

have reduced depressive symptoms in patients with major depressive disorder. In oncology, specific 

strains like Clostridium butyricum CBM 588 have improved progression-free survival (PFS) in 

immunotherapy-treated cancer patients [111]. 

b. Prebiotics:  

Prebiotics are non-digestible food components, typically carbohydrates (e.g., fructans, glucans), 

that selectively stimulate beneficial gut bacteria. 

• Mechanism: Prebiotics serve as substrates for beneficial microbes like Bifidobacterium and 

Lactobacilli, promoting the production of short-chain fatty acids (SCFAs) [112]. 

• Relevance: Prebiotics enhance gut health and systemic well-being by supporting microbial balance, 

digestion, and immune function. For example, dietary fiber supplementation increases sensitivity to 

PD-1 inhibitors by suppressing regulatory T cells (Tregs) [113]. 

• Limitations: The efficacy of prebiotics depends on the presence of sufficient target bacteria, 

requiring strict control of inter-individual variability. 
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c. Synbiotics:  

Synbiotics combine probiotics and prebiotics to achieve synergistic effects. 

• Synergistic Benefits: The prebiotic component supports the survival and activity of probiotic 

strains, enhancing therapeutic outcomes. 

• Clinical Application (Non-NDD): Synbiotics reduce the incidence of necrotizing enterocolitis and 

improve outcomes in ulcerative colitis (UC). They are also explored for cancer prevention [111]. 

6.2. Fecal Microbiota Transplantation (FMT) 

Application: 
FMT involves transferring intestinal microbiota from a healthy donor to a recipient’s colon, 

restoring microbial diversity and function. It is highly effective for treating refractory and recurrent 

Clostridioides difficile infections (CDI), achieving success rates of 90–92% [114]. 

• Neurodegenerative Context: FMT is emerging as a promising therapy for neurological diseases, 

including Parkinson’s disease (PD) and Multiple Sclerosis (MS) [23]. 

• Mechanism in Health: FMT introduces diverse beneficial microbes that compete with pathogenic 

bacteria, restoring metabolic activities like bile acid and SCFA production [31]. 

• Cancer Context: FMT from donors responsive to immune checkpoint inhibitors (ICIs) enhances 

antitumor immune responses, overcoming resistance to therapies like anti-PD-1 in melanoma 

patients [113]. 

6.3. Dietary and Lifestyle Modulation 

a. Dietary Patterns:  

Diet significantly influences gut microbiota composition and function [30,31]. 

• Plant-based and Mediterranean Diets (MD): These diets promote gut health and prevent non-

communicable diseases (NCDs). Adherence to the MD is associated with a healthy microbiota 

profile and increased SCFA production [115]. 

• SCFA Production: High-fiber diets enhance bacterial fermentation, producing beneficial 

metabolites like SCFAs. 

• TMAO Modulation: Plant-based diets lower trimethylamine-N-oxide (TMAO) levels, reducing 

inflammation and cardiovascular risks. Conversely, Western diets increase TMAO, inflammation, 

and metabolic dysfunction [95]. 

• Obesity/Metabolism: Chronic adherence to the MD normalizes gut microbiota actions, paralleling 

reductions in insulin resistance in obese patients [66]. 

b. Lifestyle Factors:  

Exercise, alongside diet and genetics, influences gut microbiome composition and function. 

6.4. Microbiome Engineering and Precision Therapies 

a. Microbiome Profiling and Multi-omics:  

Advanced tools like genomics, transcriptomics, metabolomics, and microbiomics decipher 

disease-microbiome-immunity interactions [54]. 

• Metabolomics: Focuses on small molecules and metabolic products, providing insights into 

microbial activities and clinical outcomes. 

• Computational Approaches: Machine learning and AI identify microbial biomarkers indicative of 

disease, enabling personalized interventions. Network analysis uncovers causal relationships, 

guiding precision medicine [116]. 
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b. Engineered Microbiomes:  

Microbiome engineering manipulates microbial communities for therapeutic benefits. 

• Synthetic Biology: Engineered microbes (e.g., E. coli, Lactococcus lactis) perform tasks like 

biosensing, metabolic production, and immune modulation [117]. 

• CRISPR Technology: CRISPR-based editing enables precise microbiome manipulation, targeting 

antibiotic-resistant pathogens or delivering anti-cancer agents. 

• Targeting Specific Pathogens: Engineered E. coli detects opportunistic pathogens (e.g., Pseudomonas 

aeruginosa) and releases targeted bacteriocins, combating infections effectively [117]. 

7. Future Directions and Conclusion 

7.1. Research Gaps and Technological Advancement 

Future research must focus on addressing significant knowledge gaps and leveraging advanced 

technologies to transition microbiome science into effective clinical solutions. 

a. Need for Longitudinal Studies: 

There is a critical requirement for large, longitudinal human studies to monitor microbial 

changes over the disease course. Currently, the long-term effects of microbiome modulation on 

treatment efficacy and side effects often remain largely unknown, especially for long-term human 

treatments. Longitudinal cohort studies are essential, as the development of dynamic network 

modeling approaches, which can analyze changes over time, hinges on the generation of longitudinal 

cohorts to fill this data gap. 

b. Causal Inference: 

A major objective is advancing beyond mere correlation to establish definitive causal links 

between specific microbial actions and Neurodegenerative Disorder (NDD) pathogenesis. Most 

historical case–control studies did not attempt to identify the causal microbes, and whether gut 

microbiome alterations are causal, consequential. Grasping these essential causal links between 

microbiome components is crucial for understanding disease mechanisms and formulating 

appropriate treatment strategies. 

c. Systems Biology: 

This field demands the extensive employment of network analysis and multi-omics integration 

to fully understand complex ecological dynamics and predict microbial behavior. Advances in 

technologies such as genomics, transcriptomics, metabolomics, and microbiomics are gradually 

helping to decipher the intricate connections between disease, immunity, and the microbiome [54]. 

• Network Analysis: Network modeling approaches facilitate the exploration of microbial 

interactions, the consolidation of various forms of data, and the identification of key players, 

offering a cohesive framework for investigating the complex dynamics of the gut microbiome. 

Specifically, the application of causal networks can be used to scrutinize relationships relying on 

observed microecology data or deployed to evaluate the impact of deliberate interventions. 

• Multi-omics Integration: Multi-omics network construction provides a multifaceted approach, 

aggregating data from disparate sources (such as metagenomics, metatranscriptomics, and 

metabolomics) to offer a panoramic view of crucial units. Integrating multi-omics time-series 

microbiome data to construct dynamic Bayesian networks (DBNs) is a common method that helps 

dynamically monitor the ever-evolving gut microecological environments [55]. 

7.2. Clinical Translation and Implementation Challenges 

Translating promising findings into routine clinical practice faces several hurdles concerning 

standards, safety, and individual variability. 
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• Standardization and Safety: Establishing robust regulatory frameworks and ethical guidelines is 

paramount to ensure patient safety and treatment efficacy. Translational applications are often 

hindered by regulatory hurdles and a lack of standardized protocols. For interventions like FMT, 

standardized preparation and long-term safety assessment are needed, as its long-term 

effectiveness and stability remain unclear [118]. 

• Personalization: Clinicians must overcome the challenge of high inter-individual variability in 

microbiomes. The gut microbiome exhibits significant heterogeneity in inter-individual differences, 

which strongly influences therapeutic response rates. This variability suggests that a "one size fits 

all" approach is often insufficient, necessitating the development of personalized therapeutic 

strategies guided by individual microbial profiles [119]. 

8. Conclusions 

8.1. Recap Key Insight: 

The sources indicate that the gut microbiota functions as a critical immune-metabolic regulator, 

profoundly influencing systemic health and neurological function through the Gut–Brain Axis 

(GBA). The GBA is a bidirectional communication network linking the gastrointestinal tract with the 

Central Nervous System (CNS). Research has confirmed a clear gut-to-brain pathway, revealing that 

the gut microbiome regulates metabolites (such as short-chain fatty acids and bile acids) that activate 

the vagus nerve, enabling the microbial modulation of chemosensory signals transmitted to the brain. 

Dysbiosis in this ecosystem has been associated with neurological diseases such as Alzheimer’s and 

Parkinson’s. 

8.2. Outlook: 

Microbiome-based approaches hold transformative potential to become the cornerstone of 

precision medicine. By leveraging tools like microbiome profiling and metagenomic data, these 

approaches offer a way to identify individual-specific microbial signatures, paving the way for 

personalized and effective diagnostic and therapeutic solutions for neurodegenerative disorders and 

other complex conditions. Discovering potent and stable gut bacteria as effective markers is a crucial 

area of investigation that can predict clinical response and provide new therapeutic targets. 

8.3. Call to Action: 

There is an urgent need for interdisciplinary research integrating microbiology, genomics, 

immunology, and personalized medicine. The full realization of the potential held by microbial 

communities for global health improvement necessitates a joint effort from multidisciplinary fields 

to develop a comprehensive, systematic, safe, and stable therapeutic system. 
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