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Abstract

Introduction: The gut microbiota plays an important role in regulating the function of the gut-brain axis. Incorrect dietary 
habits promote the development of metabolic syndrome, which negatively affects the biodiversity of the microbiome. The aim 
of the study was to determine the influence of the gut microbiota on the function of the gut-brain axis and the development of 
mental and neurodegenerative diseases. 
Material and methods: A review of available literature was performed by searching the official databases PubMed and 
Google Scholar using the following keywords: metabolic syndrome, gut microbiome, metabolic microbiome, mental illness, 
neurodegenerative diseases with reference to original papers, meta-analyses and reviews in Polish, Ukrainian and English 
published in scientific journals and articles.
Results: Studies evaluating the role of gut microbiota in the pathogenesis of psychiatric and neurodegenerative diseases show 
promising results, suggesting that gut microbiota influences brain function by modulating the gut-brain axis, the immune 
system, and neurotransmitter production. Despite the growing evidence implicating microbiota in the development of diseases 
such as depression, schizophrenia, Alzheimer's disease, and Parkinson's disease, study results often remain inconsistent, which 
may be due to methodological differences, heterogeneity of study populations, and sample size limitations.
Conclusions: Further research on the influence of gut microbiota on the development of psychiatric and neurodegenerative 
diseases may contribute to a better understanding of the pathophysiology of these disorders and the discovery of new strategies 
for their treatment and prevention. Further research in this direction is needed to better understand the influence of gut 
microbiota on psychiatric and neurodegenerative disorders.
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Introduction

The complex community of bacteria, fungi, and 
viruses, called the gut microbiome, plays an important 
role in regulating the functions of the digestive system, 
nervous system, metabolism and mental state [1-3]. 
Communication between the microbiota and the brain 
takes place via the gut-brain axis. It is co-created by the 

vagus nerve and mediators - tryptophan and microbiome 
metabolites, primarily short-chain fatty acids [4-7]. 
Dysfunction of this pathway is associated with the 
pathogenesis of diseases, such as depression, Parkinson's 
disease, Alzheimer's disease, autism, schizophrenia and 
ADHD [8-13].
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Gut Microbiome

The human body consists of approximately 1013 - 
1014 bacteria [14]. The dominant microorganisms in the 
gastrointestinal tract are Firmicutes and Bacteroidetes, 
which are the most abundant and variable species 
[15]. Bacteroidetes and Firmicutes degrade complex 
polysaccharides into monosaccharides and short-chain 
fatty acids (SCFAs): acetate, propionate, and butyrate 
[16-18]. These substances activate G protein-coupled 
receptors (GPR41 and GPR43) on intestinal epithelial 
cells, leading to the secretion of peptide YY (PYY), 
which inhibits gastrointestinal motility and delays 
intestinal transit. SCFAs also demonstrate the ability 
to activate the GPR120 receptor, which promotes 
the release of GLP-1 and the maintenance of immune 
homeostasis, and thus reduces inflammation [19,20]. 
Bacteria obtain energy through the fermentation of 
amino acids. The by-products of these processes, such as 
cresol, skatole, indole, hydrogen sulphide, mercaptan, and 
benzoic acid, are highly harmful to the host epithelial cells, 
as they promote the development of leaky gut syndrome, 
leading to numerous dysfunctions and the development of 
diseases [21,22].

Gut microbiota composition and body weight

Metabolic syndrome is defined as a pathological 
condition characterized by elevated blood pressure, 
dyslipidemia (elevated triglyceride levels and decreased 

high-density lipoprotein cholesterol levels), elevated 
fasting glucose levels, and central obesity [23,24]. 

Diet and exercise play a key role in shaping the 
composition of the intestinal microbiota [25,26]. 
Studies on the composition of the intestinal microbiota 
in animals have shown that in obese individuals the 
number of Bacteroidetes bacteria was reduced by about 
50%, while the number of Firmicutes bacteria increased 
proportionally compared to individuals with normal 
body weight [27]. A similar analysis was carried out in 
humans. The control group consisted of lean individuals 
on a normocalorie diet. The research group consisted of 
12 obese individuals. They were randomly assigned to two 
groups – the first received a diet with reduced fat content, 
while the second – a diet with reduced carbohydrate 
supply. The composition of bacteria in stool samples 
was monitored for 12 months. Before the study began, 
the research group had a lower number of Bacteroidetes 
bacteria and a higher number of Firmicutes compared to 
the control group. It was observed that the weight loss was 
accompanied by an increase in the ratio of Bacteroidetes 
to Firmicutes, proportionally to the amount of weight 
lost, regardless of the type of diet. Initially, Bacteroidetes 
bacteria constituted about 3%, but after weight loss their 
number increased to 15% of the entire gut microbiome. 
The changes in the gut microbiome were reversed after 
cessation of exercise. Therefore, regular physical activity 
helps maintain a favorable composition of the microbiota 
[28,29].

Function of the microbiome in human body
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In turn, Scheiman et al. observed an increase in 
the relative number of bacteria of the genus Veillonella 
in participants after running a marathon [30]. A 
possible explanation for this phenomenon may be 
the ability of Veillonella to use L-lactate produced by 
Lactobacillus as an energy source. Lactate fermentation 
by Veillonella alcalescens proceeds as follows: 
lactate → acetate + H2 + CO2 + propionate + ATP [31]. 
In an experiment on mice using labeled lactate, it was 
shown that lactate produced during exercise penetrates 
the intestinal lumen, where it is metabolized by Veillonella 
bacteria to propionate. As a result, ATP production 
increases and lactate concentration decreases, which is 
responsible for muscle microdamage and delayed muscle 
pain, commonly called "soreness" [32,33]. The interaction 
between Lactobacillus and Veillonella explains the anti-
inflammatory effect of the microbiome on the host's health 
and supports the improvement of physical performance.

Gut microbiota composition and neuropsychiatric 
disorders

The stage of adolescence is characterized by high 
sensitivity to pathological factors, which makes it a 
critical period in the development of mental disorders, 
such as schizophrenia, mood disorders or addictions 
[34]. Exposure to stress, stimulants, poor diet combined 
with the instability and immaturity of the gut microbiota 
lead to the susceptibility of the brain to the emergence 
of disorders at this stage of life [35]. The quality of the 
gut microbiota and its stability decrease with age. Aging 
and harmful external factors negatively affect the gut 
microbiota and thus the maintenance of health. Ensuring 
an appropriate intestinal bacterial flora seems to be an 
important factor in the prevention of mental illnesses and 
cognitive disorders associated with aging [36].

Genes involved in the formation of synapses between 
neurons in the brain and in the gastrointestinal tract are 
similar, so any mutation can lead to abnormalities in both 
the brain and the gastrointestinal tract [83]. Theoharides 
et al. described transcriptome changes in individuals 
with autism, bipolar disorder, major depressive disorder, 
schizophrenia, and multiple sclerosis, such as decreased 
expression of genes involved in mitochondrial function 
and ATP production and increased expression of genes 
involved in inflammatory and immune processes, as well 
as genes responsible for oligodendrocyte activity [84].

Alzheimer's disease

The microbiota produces compounds that increase 
the permeability of the intestinal barrier, allowing contact 
between the intestinal microbiota and submucosal 
lymphoid tissue. This, in turn, triggers a systemic 
inflammatory response that weakens the blood-brain 

barrier (BBB) and promotes inflammation in the central 
nervous system (CNS) [37]. Chronic inflammation in 
the CNS causes prolonged activation of glial cells, which 
generate cytokines and neurotoxins, leading to neural 
degeneration [38]. The microbiota can regulate these 
processes [39]. Amyloids, present in both microorganisms 
and the human brain, despite differences in the process of 
their formation, have similar physicochemical properties 
and pathogen-associated molecular patterns (PAMPs) 
structures. They are recognized by the same Toll-like 
receptors (TLR2 and TLR1), which induces an immune 
response, including the production of proinflammatory 
cytokines IL-17 and IL-22. Damage to the blood-brain 
barrier (BBB) disrupts the exchange of chemical 
compounds between the brain and the circulatory 
system, disrupting the protective function of the CNS. It 
promotes the aggregation of β-amyloid (Aβ) and chronic 
neuroinflammation [40]. Animal studies have shown that 
age-related cognitive impairment correlates with changes 
in the gut flora – there is an increase in the number of 
Proteobacteria and a decrease in the number of probiotic 
species [41]. In turn, high levels of proinflammatory 
cytokines have been associated with impaired microbiome 
metabolism, especially the production of neuroactive 
molecules such as short-chain fatty acids (SCFA) [42].

Autism

It was observed that individuals with autism (ASD) 
present a significantly increased number of Clostridium 
and the pathogenesis of this condition begins in infancy 
[43,44]. Due to endogenous translocation, over 200 strains 
of live intestinal bacterial cultures enter breast milk and 
during breastfeeding the child takes on the microbiome 
found on the mother's nipple [45]. A correlation has been 
presented between a shorter breastfeeding period and 
late expansion of the diet in children with ASD and poorer 
food tolerance compared to children without ASD. Studies 
have shown that breastfeeding children with autism 
spectrum disorders for more than 12 months may be 
beneficial in reducing symptoms characteristic of ASD 
[46]. In recent years the role of environmental factors, 
such as the mother's diet during pregnancy, on the child's 
neurological development has been demonstrated [47]. An 
adequate amount of folic acid is necessary for the proper 
development of the neural tube. Mothers of children 
with ASD have a lower total folic acid intake in the first 
three months of pregnancy than mothers of neurotypical 
children [48]. Prenatal vitamin, folate, and omega-3 fatty 
acid deficiencies correlate with an increased risk of ASD 
in the child [49]. Taking these vitamins and acids near the 
time of conception is associated with a 40% reduction in 
the risk of having a child with ASD. The use of antibiotics 
during pregnancy negatively affects the composition 
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of the fetal microbiome, which may exacerbate ASD 
symptoms in the future. It has been shown that the use 
of probiotics in the prenatal period can have a beneficial 
effect on the child's development and potentially reduces 
the development of symptoms of neurodevelopmental 
disorders, such as autism [50].

Further evidence supporting the role of microbiota in 
the pathogenesis of autism was obtained by observing the 
improvement in behavior and communication skills after 
the use of antibiotics and probiotics [51].

Patients with autism spectrum disorders are more 
likely to suffer from metabolic syndrome [52]. Possible 
etiological factors include: genetic variants (e.g. 16p11.2 
deletion, 11p14.1 microdeletion) [53], prenatal infections, 
drugs, toxins, maternal obesity, and diabetes, prematurity, 
and intrauterine growth retardation [54]. Neuroatypical 
individuals are characterized by dietary selectivity, 
physical limitations, sedentary lifestyle, and sleep 
disorders, which also contribute to the pathogenesis of 
metabolic syndrome [55].

Depression

Patients with depression are at significant risk 
of metabolic syndrome [56]. In this group of patients, 
unfavorable health behaviors are common, such as 
alcohol consumption, smoking, poor diet, and sedentary 
lifestyle [57]. An important factor is antidepressants, 
which promote the development of abdominal obesity, 
increase blood pressure, and triglyceride levels [58, 
59]. In depression, there is increased activity of the 
hypothalamic-pituitary-adrenal axis, which leads to 
increased secretion of corticotropin-releasing hormone, 
adrenocorticotropic hormone, and cortisol, and 
consequently, the accumulation of visceral fat [60]. In this 
group of patients, a balanced diet rich in fruits, vegetables, 
and fish not only reduces the risk of metabolic syndrome, 
but also reduces the severity of depression symptoms [61].

The quantitative and qualitative composition of 
the gut microbiota correlates with the presence of mood 
changes and anxiety disorders. The flora of patients 
with depression is characterized by a lower number 
of Bacteroidetes bacteria, with an increased number 
of Alistipes bacteria [62-63]. In the study by Rao et al., 
supplementation with L. casei Shirota alleviated the 
occurrence of anxiety disorders in patients with chronic 
fatigue syndrome [64]. In a study assessing the gut 
microbiome in social anxiety disorder (SAD), the control 
group showed higher amounts of Parasutterella bacteria 
compared to the SAD group [65]. Five generations of gut 
bacteria were associated with anxiety and exacerbated it. 
It was found that people suffering from anxiety disorder 
have lower levels of Coprococcus [66, 67]. Enterorhabdus 
showed a decreasing trend in a mouse model of anxiety 

and depression caused by social failure [68].

Schizophrenia

People with schizophrenia are more likely to 
develop metabolic syndrome, having a 4.4-fold increased 
risk of central obesity, a 2.7-fold increased risk of 
hypertriglyceridemia, a 2.4-fold increased risk of low 
HDL, a 1.4-fold increased risk of hypertension, and a 1.99-
fold increased risk of diabetes compared to the general 
population [69]. The estimated prevalence of metabolic 
syndrome in individuals with schizophrenia is 37–67%, 
representing a 2- to 3-fold increased risk compared to the 
general population [70]. Psychopathology that interferes 
with insight into physical health is significant in this 
group of patients, as well as lower social support, low 
income, and limited access to general medical care [71]. 
Furthermore, patients with schizophrenia are more likely 
to smoke tobacco to alleviate psychotic symptoms [72].

Numerous studies of the microbiome of patients 
with schizophrenia have reported increases in 
Bifidobacterium, Lactobacillus, and Megasphaera species. 
Based on this, researchers sought a unique pattern of 
microbiome composition that could serve as a biomarker 
of schizophrenia. One study developed a panel consisting 
of Aerococcaceae, Bifidobacteriaceae, Brucellaceae, 
Pasteurellaceae, and Rikenellaceae that distinguished 
patients with schizophrenia from healthy individuals 
[73,74]. Differences in brain structure, metabolic 
pathways, and symptom severity may be associated 
with changes in microbiota composition [75]. There is 
inconsistency in the bacterial taxa identified as markers 
in these studies. This may be due to small sample sizes 
and insufficient overlap between the studied populations 
[76]. The lack of specificity limits the potential diagnostic 
utility of the data, and indeed their reliability.

Bipolar affective disorder

The microbiome of patients with bipolar disorder 
(BD) is characterized by lower diversity compared 
to healthy individuals. Studies on the microbiome 
composition in the BD population have shown a significant 
decrease in butyrate-synthesizing bacteria of the 
Ruminococcaceae family, Faecalibacterium genus, and 
Faecalibacterium prausnitzii species [77].

Shahrbabaki et al. conducted a randomized trial 
in which patients with bipolar type I disorder were 
selected. They were divided into placebo and probiotic 
groups for 8 weeks. Patients in both groups received 
antipsychotic treatment. The research group received 
a probiotic capsule containing Bifidobacterium bifidum, 
Bifidobacterium lactis, and Bifidobacterium langum, as 
well as Lactobacillus acidophilus. Both groups showed 
a decrease in the incidence of mania and depression 
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throughout the study period, and the research group 
additionally showed a significant reduction in the severity 
of symptoms (assessed using the Young Mania and 
Hamilton Scale – YMRS). Although the probiotic group 
showed greater improvement in the questionnaire scores 
compared to the placebo group, there was no significant 
difference in the overall scores of mania and depression 
between the two groups [78].

Hospitalized patients were divided into a research and 
control group, shortly after hospitalization, they received 
probiotics: Lactobacillus rhamnosus and Bifidobacterium 
animalis subsp. for 24 weeks. During the follow-up, there 
were 8 re-hospitalizations among patients who received 
probiotics compared to the placebo group, while a 
total of 17 participants in the placebo group required 
at least one re-hospitalization [79]. The length of stay 
was significantly shorter in the study group (2.8 days) 
compared to the control group (8.3 days) [80].

Another study analyzed the role of probiotics 
in improving cognitive functions in people with 
euthymic bipolar disorder. Significant improvements in 
concentration and psychomotor processing speed were 
found after 1 and 3 months of treatment. In a related study, 
bipolar patients were treated with probiotics containing 
Lactobacillus and Bifidobacterium strains, there was no 
placebo group. The severity of manic symptoms was 
compared using the YMRS scale between treatment groups 
at different times of the study. Symptoms improved over 
the 3-month study period. Manic symptoms significantly 
decreased over time and in patients who received 
probiotic supplementation, a significantly reduced score 
on the Leiden Index of Depression Sensitivity-Revised was 
observed [81-82].

Parkinson’s disease

Parkinson's disease is one of the most common 
neurodegenerative diseases. In PD, there is aggregation 
of abnormally folded alpha-synuclein (α-syn) proteins, 
forming intracellular inclusions in Lewy bodies and 
neurons located in the central, autonomic, and enteric 
nervous systems. Changes in the composition of the gut 
microbiota can lead to changes in intestinal permeability 
and intestinal barrier function, affecting gastrointestinal 
epithelial cells and the immune and enteric nervous 
systems [83]. Gut bacteria activate the immune system 
due to a defective gut barrier, causing a systemic 
inflammatory response that weakens the blood-brain 
barrier and promotes neuroinflammation and ultimately 
neurodamage and degeneration [84]. Gut inflammation 
induced by bacterial pathobionts may also contribute 
to the initiation of α-syn missplicing, and further α-syn 
pathology occurs in the brain via the vagus nerve [85]. 
A study conducted in PD-bearing mice confirmed that 

the gut microbiota contributes to motor dysfunction 
and neuroinflammation, suggesting that changes in the 
human gut microbiome are a risk factor for PD. Studies 
show that in PD, changes in SCFA-producing bacteria 
and an increase in putative pathobionts can act together, 
potentially compromising the integrity of the gut barrier 
and/or the blood-brain barrier, stimulating systemic 
and neuroinflammation. SCFA-producing bacteria can 
decrease or increase. Considering that Bifidobacterium, 
Lactobacillus, and Akkermansia are beneficial to 
human health, increased levels of Bifidobacterium and 
Lactobacillus may be associated with PD drugs, especially 
COMT inhibitors, while high levels of Akkermansia may be 
associated with aging [86].

ADHD - attention deficit hyperactivity disorder

The pathogenesis of ADHD is thought to be 
multifactorial, with heritability estimated at about 
70–90% [87]. These genetic associations suggest some 
dependence on underlying metabolic reactions involving 
gene products. Each bacterium has a unique genetic 
material that produces a distinct set of metabolites that 
interact with each other and with host metabolites [88], 
creating a complex web of host-microbiome interactions. 
This constitutes a bidirectional communication network, 
providing the gut microbiota and metabolites with the 
ability to influence brain development and function. 
The fact that individuals with ADHD suffer from 
gastrointestinal (GI) dysfunction, including childhood 
digestive problems and low-grade inflammation, as well 
as constipation [89], suggests a potential role for the gut 
microbiome in this disorder. For example, plasma levels of 
the cytokine TNF-α were found to be significantly lower 
in children with ADHD compared with healthy controls, 
and these levels were also negatively correlated with 
gut microbiome diversity in the same samples. Plasma 
levels of short-chain fatty acids (SCFA) were also found 
to be lower in patients with ADHD (both children and 
adults) [90]. This is particularly interesting because 
SCFAs are produced during bacterial fermentation and 
are hypothesized to improve neuroimmunoendocrine 
functionality and play a mediator role in communication 
between the microbiota, gut, and brain [91].

Conclusions

Studies on the gut microbiota show that there is a 
complex and dynamic interaction between the microbiota 
and the central nervous system (CNS). Changes in the 
composition of the microbiota can affect neurological 
functions, suggesting that the microbiota may play 
a role in the pathogenesis of neurodegenerative and 
psychiatric diseases. The results of studies indicate 
multiple mechanisms by which the microbiota affects 
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the CNS, such as metabolite production, modulation of 
inflammation, and interaction with the gut-brain axis. 
These mechanisms may contribute to the development 
of the diseases mentioned in the work. Dietary 
interventions, such as the use of pre- and probiotics, may 
have therapeutic potential in the treatment of psychiatric 
and neurodegenerative diseases. Introduction of dietary 
changes can improve the balance of the microbiota, which 
may have a beneficial effect on mental and neurological 
health. There is an urgent need for further research to 
better understand the role of the gut microbiota in the 
pathogenesis of CNS diseases. Future studies should focus 
on identifying specific strains of microorganisms and their 
metabolites that may be useful in diagnostics and therapy. 
Understanding the impact of microbiota on the CNS opens 
new therapeutic perspectives. Potential therapies based 
on microbiota modulation may revolutionize the approach 
to treating neurodegenerative and psychiatric diseases, 
reducing the need for pharmacotherapy.
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