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Abstract: In recent years, adolescent obesity has emerged as a global medico-social challenge, characterized not only by metabolic disturbances but also by distinct neurocognitive impairments. Current research indicates that adolescents with obesity exhibit shifts in the ratio of major bacterial taxa, specifically an increase in Firmicutes alongside a decrease in Bacteroidetes, as well as reduced levels of Bifidobacterium and Lactobacillus. Chronic inflammation associated with gut dysbiosis in the context of obesity promotes the production of toxic lipids and alters the synthesis of neurotransmitters in the gut. This, in turn, leads to cognitive changes in the child, further underscoring the critical relevance of this issue today.
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In recent years, neurological and cognitive impairments observed in adolescents with metabolic changes associated with obesity have evolved beyond a medical issue into a significant social challenge[1,2]. According to research by Smith J. and Brown A., the decline in mental performance among overweight adolescents is linked to impaired memory and attention stability [3]. Concurrently, the emerging medical concept of the "gut-brain axis" has gained considerable interest among researchers, suggesting that intestinal microbiota influences the nervous system through metabolic and neuroendocrine mechanisms [4,5]. These alterations are associated with metabolic disturbances in obese children, affecting brain function through neuroinflammation and dysfunction of the hypothalamic-pituitary-adrenal (HPA) axis [7,8,9].
Although modern medicine has achieved significant progress in understanding the role of gut microbiota in the pathogenesis of obesity, its impact on cognitive functions and learning abilities in adolescents remains insufficiently explored [10,11]. Most existing studies have focused on the adult population; however, adolescence is a critical period for the formation of mental and psychological activities, which underscores the urgent need for in-depth research in this area. Identifying the correlation between gut microbiota changes and cognitive impairment through objective neuropsychological assessment methods, as well as the significance of early prediction of these changes, is of particular interest [13]. This will not only expand the understanding of the pathogenesis of cognitive disorders in obesity but also provide a basis for new approaches to their early diagnosis and correction [12].
Thus, investigating the role of the gut microbiota in the development of cognitive and attention stability impairments observed in adolescent obesity is a relevant and promising field of modern neurology and medicine, carrying significant clinical and social importance.
Study Objective: To investigate the relationship between the gut microbiota and the cognitive status of adolescents with metabolic changes.
Materials and Methods: This study was conducted between 2024 and 2026 at the multidisciplinary clinic of Samarkand State Medical University (SamSMU MC) and at secondary schools No. 28, 14, and 1 in Samarkand. In the initial stage of the research, 842 children aged 10 to 18 years were examined. Based on the inclusion and exclusion criteria, 63 overweight adolescents with complaints of sleep disturbances and poor academic performance were selected to form the main group (MG). The control group (CG) consisted of 32 practically healthy peers of normal body weight with no such complaints.
According to a comparative analysis based on age, the participants in the MG were divided into two groups (following UNFPA-UN indicators): early adolescence (ages 10–14) – 39 (61.9%) individuals, and late adolescence (ages 15–18) – 24 (38.1%) individuals. Regarding gender distribution, girls predominated in the early adolescence group with 27 (69.2%) individuals, while boys predominated in the late adolescence group with 13 (54.16%) individuals.
Additionally, the participants' behavior, emotional state, concentration levels, and learning abilities were evaluated. In accordance with the study's goals and objectives, adolescents in the main group were divided into subgroups based on the pathogenetic characteristics of their sleep disorders: sleep-related breathing disorders, sleep disturbances associated with psycho-emotional stress, and sleep disorders of other etiologies.
To achieve the set objective, a comprehensive set of methods was applied to all children, including body weight and height measurements, BMI (body mass index) calculation, modern clinical-neurological and neuropsychological assessments, blood glucose levels, serum lipid profile indicators, and microbiological and molecular-genetic analyses. The clinical-neurological examination was conducted using generally accepted methods, evaluating neurological status, cognitive state, and the characteristics of the patients' psycho-emotional health.
To objectify cognitive impairment, standardized neuropsychological tests were utilized, including the Montreal Cognitive Assessment (MoCA) (to assess memory, the examiner recites 5 words for the child to repeat immediately, and then again after a 5-minute delay) and the Digit Span test (a test of verbal working memory and attention conducted in two ways: Forward and Backward. In the Forward Digit Span, the child repeats numbers in the same order as presented, while in the Backward Digit Span, the child repeats the recited numbers in reverse order). 
These tools enabled the assessment of attention, executive functions, working memory, and information processing speed.
To further evaluate cognitive and behavioral characteristics, modern neuropsychological test batteries designed for adolescents were employed. These included elements of computerized cognitive analysis (digital cognitive testing), which enhanced the sensitivity for detecting early cognitive changes. The study of the gut microbiota was conducted using high-tech molecular-genetic methods. Primary analysis was performed via 16S rRNA gene sequencing, enabling the identification of the taxonomic composition of the microbiota and the quantitative ratios of major bacterial groups.
For a more in-depth analysis of the functional activity of the microbiota, the shotgun metagenomic sequencing method was applied. This allowed for the identification of the microbial community and its metabolic potential, including genes associated with neurotransmitter metabolism and inflammatory processes. Additionally, the ratio of key bacterial taxa (Firmicutes/Bacteroidetes), which is significant in the pathogenesis of obesity and metabolic disorders, was assessed. To investigate the mechanisms by which the gut microbiota influences the central nervous system, parameters of the microbiota–gut–brain axis were considered, including pro-inflammatory markers (C-reactive protein) and microbiota metabolites involved in neuroimmune regulation, specifically short-chain fatty acids (acetate, propionate, and butyrate). It is established that the gut microbiota influences the brain through neuroendocrine, immune, and metabolic pathways, forming the system known as the "gut–brain axis."
Neurophysiological methods, including electroencephalography (EEG) to analyze the bioelectric activity of the brain, were utilized to evaluate the functional state of the central nervous system. Statistical processing of the data was performed using modern biostatistical analysis methods. The significance of differences was assessed using parametric and non-parametric criteria (Student’s t-test and Mann–Whitney U-test). Correlation analysis (r-coefficient) was conducted to analyze the relationship between microbiota indicators and cognitive functions. ROC analysis was employed to determine the significance of the studied parameters, calculating the area under the curve (AUC), as well as the sensitivity and specificity of the diagnostic criteria. A complex analysis of interrelationships was performed using multivariate models, meeting modern requirements for research in the field of the gut–brain axis.
The duration of sleep disturbances ranged from 1 to 5 years, with an average of 2.8 ± 0.6 years. In the analysis of the participants' medical history, data from the perinatal and early postnatal periods were considered, including the course of the mother's pregnancy, the presence of somatic and infectious diseases, the risk of miscarriage, anemia, gestosis, past viral infections, parental habits, and family history of neurological and mental illnesses. Characteristics of the delivery process, Apgar scores for newborns, and early psychomotor development indicators were also recorded. Data collection from participants included the onset and nature of sleep disturbances (difficulty falling asleep, frequent nighttime awakenings, early awakenings, daytime sleepiness), triggering factors such as psycho-emotional stress, academic pressure, and family conflicts, as well as the duration and progression of symptoms.
Research Results: In accordance with the objectives, the first stage involved analyzing the taxonomic composition of the gut microbiota using 16S rRNA sequencing. Statistically significant changes were identified in the MG (Main Group) compared to the CG (Control Group) (Figure 1). The relative abundance of Firmicutes bacteria in the MG was 64.3 ± 3.8%, while in the CG, this figure was 48.7 ± 2.9% (p < 0.001). Simultaneously, the level of Bacteroidetes in the MG was significantly lower at 21.6 ± 2.5% compared to 38.9 ± 3.1% in the CG (p < 0.001). The Firmicutes/Bacteroidetes ratio in the MG increased by more than twofold (2.97 ± 0.4 vs. 1.25 ± 0.2; p < 0.001).
The abundance of Bifidobacterium in the MG was 7.8 ± 1.2%, which was significantly lower than in the CG (14.6 ± 1.8%; p < 0.001). A similar trend was observed in the study of Lactobacillus, where the values were 5.2 ± 0.9% and 9.3 ± 1.1%, respectively (p < 0.01). Alpha-diversity analysis showed that the Shannon index in the main group patients decreased to 2.9 ± 0.3 compared to 3.8 ± 0.4 in the CG (p < 0.01), indicating a reduction in microbial diversity. The Simpson index also showed a significant decrease (0.71 ± 0.05 vs. 0.84 ± 0.06; p < 0.05).
Table 1. Comparative analysis of bacterial group abundance between groups
	 Bacterial Group
	   Main Group (MG), %
	  Control Group (CG), %
	P-value

	Firmicutes
	64.3 ± 3.8
	48.7 ± 2.9
	p < 0.001

	Bacteroidetes
	21.6 ± 2.5
	38.9 ± 3.1
	p < 0.001

	Bifidobacterium
	7.8 ± 1.2
	14.6 ± 1.8
	p < 0.001

	Lactobacillus
	5.2 ± 0.9
	9.3 ± 1.1
	p < 0.01



According to the gender distribution, the Firmicutes/Bacteroidetes ratio in the MG was found to be 3.15 ± 0.5 in girls and 2.78 ± 0.4 in boys (p < 0.05). The level of Bifidobacterium in girls was lower (7.1 ± 1.0%) compared to boys (8.6 ± 1.3%; p < 0.05), indicating that dysbiotic changes are more pronounced in female subjects.



Figure 1. Bacterial expression according to gender distribution.
Analysis based on the etiological variants of sleep disorders revealed that the most significant changes in the microbiota were observed in adolescents with sleep disturbances associated with psycho-emotional stress (Figure 1). In this subgroup, the relative abundance of Firmicutes reached 68.9 ± 4.1%, compared to 60.2 ± 3.5% in sleep-related breathing disorders and 62.7 ± 3.2% in other types of sleep disturbances (p < 0.01). The decrease in Bacteroidetes levels was most pronounced in the stress-related group (18.4 ± 2.2%, 24.1 ± 2.8%, and 22.3 ± 2.6%, respectively; p < 0.01).
When evaluating the dependence on the severity of clinical symptoms, the Shannon index dropped to 2.5 ± 0.2 in patients with severe sleep disturbances and cognitive deficits, whereas in cases of moderate disturbances, this indicator was 3.1 ± 0.3 (p < 0.05). The decrease in the Shannon index signifies a loss of microbial diversity. This result is closely linked to cognitive decline, which will be further elaborated in the Discussion section.
[bookmark: _Hlk231777475]A positive correlation was established between gut dysbiosis and cognitive changes, specifically between the Firmicutes/Bacteroidetes ratio and the decline in cognitive performance (r = 0.42; p < 0.01). An inverse correlation was identified between Bifidobacterium levels and the severity of cognitive deficit (r = –0.39; p < 0.01). Additionally, a significant association was noted between the decrease in α-diversity and the deterioration of attention indicators (r = 0.36; p < 0.05).
In summary, the study results demonstrated the presence of pronounced dysbiotic changes in the gut microbiota of the MG (Main Group). These changes are characterized by an increase in Firmicutes, a decrease in Bacteroidetes and probiotic bacteria, reduced microbial diversity, and reliable correlational links with clinical and cognitive parameters.
Cognitive impairments identified in adolescents of the main group were characterized by a decrease in MoCA scores and an increase in the time required to complete TMT (Trail Making Test) assessments, reflecting disturbances in attention, information processing speed, and executive functions. These findings align with international research demonstrating a link between adolescent obesity and cognitive deficit (Smith J., 2022; Brown A., 2023); however, this study specifically highlights the close relationship between these impairments and alterations in the gut microbiota. The gender differences identified in the study indicate that these disturbances are more pronounced in girls, which may be attributed to hormonal characteristics and their influence on the microbiota and neuroendocrine regulation.

CONCLUSION
In conclusion, the obtained results allow us to consider the intestinal microbiota as a significant pathogenetic factor in the development of cognitive impairment in adolescents.
According to S. Li et al. (2018), disruption of the intestinal mucosal barrier integrity, dysfunction of the blood-brain barrier, and high immunoreactivity of proinflammatory lipopolysaccharides in the hippocampus were identified, which are due to the pathological activity of the gram-negative facultative anaerobe Bacillus fragilis, which dominates the intestinal microbiota in adults. In the experiments of L. Shen et al. (2017) differences in the composition of the gutmicrobiota correlated with the number of amyloid plaques in the hippocampus and spatial memory deficits with increased levels of Helicobacteraceae, Desulfovibrionaceae, Odoribacter, and Erysipelotrichaceae and decreased levels of Prevotella (14).

Serum BDNF levels are closely associated with the gut microbial community, regardless of the presence or absence of obesity. Most of the isolated taxa that positively correlated with this neurotrophin content were butyrate- and/or GABA-producing microorganisms capable of degrading mucin. A range of taxa negatively correlated with BDNF levels was also identified, most of which belonged to Gram-positive flora.
Shangyun Shi demonstrated that tryptophan, acting as a precursor to L-5-hydroxytryptophan, facilitates the synthesis of serotonin; serotonin is subsequently converted to melatonin. Serotonin and melatonin regulate sleep patterns and are involved in the regulation of emotions, cognitive abilities, reward response, learning, memory, and many other psychophysiological processes(15). 
Unlike most studies that focus only on certain aspects of the microbiota, this work conducted a comprehensive analysis covering all aspects such as microbiota, obesity, age-related characteristics, as well as sleep disorders.Furthermore, these results provide a basis for promising therapeutic directions, including microbiota-targeted approaches such as probiotics, prebiotics, and dietary interventions.
 		What is more, the analysis of etiological factors deserves special attention: according to the results, the most pronounced alterations in the microbiota and cognitive functions were observed in adolescents with sleep disturbances associated with psycho-emotional stress. This confirms that stress serves as a key modifier influencing the "gut-brain axis" through the hypothalamic-pituitary-adrenal (HPA) axis, immune mechanisms, and changes in the composition of the intestinal microbiota.
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