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ABSTRACT

Type 1 diabetes (T1D) is a chronic autoimmune disease characterized by selective destruction
of pancreatic B-cells, resulting in an absolute insulin deficiency and the need for lifelong
replacement therapy from the time of diagnosis. At the same time, the role of the gut microbiota
has been increasingly emphasized; under conditions of eubiosis, it participates in digestion,
production of key metabolites, maturation of the immune system, and maintenance of intestinal
barrier integrity.

The aim of this paper is to present the role of the gut microbiota—immune system axis in the
pathogenesis of T1D in children. We discuss evidence showing that children with T1D exhibit
a characteristic dysbiosis: reduced microbial diversity, decreased abundance of short-chain fatty
acid (SCFA)-producing bacteria, and a predominance of Gram-negative bacteria. The
consequences include weakening of the intestinal barrier (“leaky gut”), chronic low-grade
inflammation, and enhancement of autoimmunity against B-cells. We present findings from
cross-sectional and prospective studies, as well as animal models, indicating that alterations in
the microbiota and increased intestinal permeability may precede the clinical manifestation of
T1D. Potential microbiota-targeted interventions are also outlined, including dietary strategies,

prebiotics, probiotics, and modulation of SCFA.
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BACKGROUND

T1D

Diabetes is currently ranked as the third most common chronic disease of childhood. Type 1
diabetes is a metabolic disease, but fundamentally an autoimmune disorder. The immune
system mistakenly recognizes self-tissues as foreign, in this case targeting the pancreatic p-cells.
This leads to a gradual decline and eventual cessation of insulin production. A clinical marker
of the ongoing autoimmune process is the presence of islet autoantibodies, which may appear

in the serum years before the overt clinical onset of the disease. Suspicion of diabetes in a child



is an indication for testing antibodies against pancreatic antigens. Their presence is crucial for
confirming the autoimmune basis of T1D and for classifying the early stages of the disease
[1,2].

The most important autoantibodies include:

e Glutamic acid decarboxylase antibodies (anti-GAD)

e Insulin autoantibodies (IAA)

o Tyrosine phosphatase—related islet antigen 2 antibodies (I1A-2A)
e Zinc transporter 8 antibodies (ZNT8A)

o Islet cell antibodies (ICA)

The presence of one or more of these markers indicates an active immune attack leading to
progressive loss of B-cell mass. The disease is characterized by hyperglycemia, resulting in
disturbances in carbohydrate, fat, and protein metabolism. Although several types of diabetes
exist, type 1 diabetes is by far the most common form in children and adolescents.

The burden of T1D in the pediatric population is substantial worldwide. Globally, it is among
the most prevalent chronic diseases of childhood. It is estimated that in 2021 alone more than
108,000 children under the age of 15 developed T1D, while the total number of children and
adolescents living with the disease exceeded 650,000. This underscores the importance of
seeking new preventive and therapeutic strategies [3,4]. Epidemiological observations from
different regions consistently indicate that the peak age of onset is in late childhood and early
adolescence, typically between 10 and 14 years of age—a critical period of rapid growth and
major hormonal changes [5].

T1D is caused by an autoimmune process leading to destruction of the pancreatic p-cells.

Diagnosis is based primarily on the blood glucose levels as the main diagnostic criteria.



Status Laboratory parameter Diagnostic criteria

Normal Glucose tolerance Fasting plasma glucose <100mg/dL (<5,6 mmol/L)
IFG - Impaired FastingFasting plasma glucose 100-125 mg/dL  (5,6-6,9
Glucose mmol/L)

IGT — Impaired Glucose2-hour plasma glucose during140-199 mg/dL (7,8-
Tolerance OGTT 11,0mmol/L)

Diabetes Random plasma glucose >200 mg/dL (>11,1 mmol/L) +

classic symptoms

Diabetes Fasting plasma glucose >126 mg/dL (7,0 mmol/L)

Diabetes 2-hour plasma glucose during>200 mg/dL (11,1 mmol/L)
OGTT

Diabetes Glycated Hemoglobin (HbA1c)>6,5%

Table 1. Diagnostic criteria for diabetes. [1]

Prospective studies have made it possible to structure the pathogenesis of type 1 diabetes (T1D)
into three distinct stages based on the presence of islet autoantibodies and dysglycaemia [6]:
1. Stage 1: Multiple islet autoantibodies with normoglycemia (asymptomatic increased
risk).

2. Stage 2: Multiple islet autoantibodies with dysglycemia (prediabetic state, still

asymptomatic).

3. Stage 3: Clinical manifestation of diabetes with fulfilment of biochemical criteria for

hyperglycemia.

This long preclinical course (from stages 1 and 2 to stage 3) highlights the urgent need to
identify modifiable environmental factors to enable primary prevention at the earliest phases of
T1D development.

Gut microbiota

The human gastrointestinal tract is an elaborate ecosystem of microorganisms known as the gut
microbiota. This massive community of bacteria, fungi, viruses - whose collective genetic
material overrun that of the host - is crucial for maintaining homeostasis. The microbiota
consists predominantly of anaerobic bacteria, with Firmicutes and Bacteroidetes as the

dominants.



Adequate balance and high species diversity (eubiosis) are essential not only for metabolic
functions (e.g. fermentation of non-digestible dietary components, production of short-chain
fatty acids [SCFAs], synthesis of certain vitamins), but above all for the proper functioning of
the immune system [7]. A key role of the microbiota is its reciprocal interaction with
gut-associated lymphoid tissue (GALT), which represents the largest mass of immune tissue in
the body. This constant, bidirectional communication is often referred to as the gut-immune
axis. Through this axis, the microbiota shapes the development and differentiation of immune
cells early in life and promotes immunological tolerance.
Disruption of this delicate balance, known as dysbiosis, involves quantitative and qualitative
changes in the composition of the microbiota. Dysbiosis has become an intensive area of
research across many fields of medicine and is recognized as a major environmental factor
promoting autoimmune diseases, including T1D. It contributes to two principal pathogenic
mechanisms that directly link the gut to autoimmune destruction of pancreatic p-cells:
e Disruption of the intestinal barrier (“leaky gut”): Increased intestinal permeability
allows dietary antigens, toxins, and bacterial components to cross the mucosal barrier
and enter the systemic circulation and lymphoid tissues. This leads to chronic activation

of GALT and breakdown of immunological tolerance.

e Aberrant modulation of immune cells: Alterations in the profile of bacterial
metabolites—particularly a reduction in SCFA production—directly affect key immune
cell populations responsible for maintaining tolerance. As a result, the microbiota loses

its ability to restrain autoimmune responses [8,9].

AIM
The aim of this paper is to provide a critical overview of the current scientific evidence on the
complex role of the gut microbiota in the pathogenesis of type 1 diabetes (T1D) in children and
adolescents. The paper seeks to analyze in detail the immunological mechanisms underlying
the interaction along the gut-immune axis that may lead to autoimmune destruction of
pancreatic p-cells.
In particular, the objectives are to:

o identify characteristic patterns of dysbiosis and functional alterations of the gut

microbiota observed in children with a genetic predisposition to T1D, in those with islet

autoimmunity, and in patients with newly diagnosed T1D,



« discuss the role of key microbiota-derived metabolites, especially short-chain fatty acids

(SCFAs), in regulating intestinal barrier integrity and immunological tolerance,

« assess the therapeutic potential of microbiota-modulating interventions in the context of
primary prevention and slowing the progression of the autoimmune process in children

and adolescents.

MATERIALS AND METHODS

This paper is a narrative, critical review of the literature on the role of the gut microbiota in the
pathogenesis of type 1 diabetes in children and adolescents. The aim was not to perform a
formal systematic review with meta-analysis, but rather to conduct an in-depth, qualitative
analysis of available experimental, clinical, and epidemiological data in the context of
immunological mechanisms, dysbiosis patterns, and microbiota-modulating interventions.
The literature search was conducted in the electronic databases PubMed/MEDLINE, Embase,
and Web of Science. In addition, selected secondary sources were screened, including textbook
chapters and scientific society guidelines (e.g. ISPAD Clinical Practice Consensus Guidelines),
as well as the reference lists of review articles to identify further relevant publications.

The search strategy used combinations of keywords including:

e “Type 1 diabetes”, “T1D”, “children”, “adolescents”, “pediatric”,
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e “Gut microbiota”, “gut microbiome”, “intestinal microbiota”,

e “Dysbiosis”, “short-chain fatty acids”, “SCFA”,

P19 9% e

o “Intestinal permeability”, “leaky gut”, “gut barrier”.

RESULTS

In recent years, it has become increasingly clear that, in the pathogenesis of type 1 diabetes, not
only islet autoimmunity itself but also disbalance along the axis gut microbiota-bacterial
metabolites-intestinal barrier-immune system plays a key role. Studies clearly demonstrate a
strong association between intestinal dysbiosis and type 1 diabetes (T1D) in children, although
the question of causality remains under debate. In children with T1D, the gut microbiota is less
diverse, the pool of beneficial bacteria is reduced, and pro-inflammatory taxa are more frequent
[10,11]. Patients with T1D exhibit a characteristic dysbiosis combined with profound functional

alterations: reduced capacity to produce short-chain fatty acids (SCFAs), disturbances in bile



acid metabolism, and an increased potential for lipopolysaccharide (LPS) biosynthesis. These
features differentiate children with T1D from healthy peers.

One line of evidence supporting this hypothesis comes from microbiota transplantation
experiments: transfer of gut microbiota from children with T1D into mice led to exacerbation
of hyperglycemia and reduced insulin sensitivity [11]. Additional, very strong support for the
involvement of the microbiota in T1D pathogenesis comes from comparative studies of children
with type 1 diabetes, MODY2 diabetes, and healthy controls. One study showed that the
microbiome of children with T1D is not only less diverse, but also qualitatively distinct from
that of both healthy children and patients with MODY2, in whom hyperglycemia has a
monogenic basis and is not associated with autoimmunity [12]. In T1D, there is a clear shift
towards a predominance of Gram-negative bacteria, an increased wealth of taxa associated with
inflammation, and a reduction in SCFA-producing bacteria (including members of the families
Lachnospiraceae and Ruminococcaceae).

Importantly, functional (metagenomic) analysis revealed enrichment of pathways related to
LPS biosynthesis and lipid and sphingolipid metabolism, accompanied by a reduced potential
for butyrate and secondary bile acid production. This pattern distinguishes T1D from MODY2
and indicates that microbiome alterations in T1D are not a simple consequence of
hyperglycemia but are linked to the underlying autoimmune process [12,13]. An increased
wealth of Bacteroides and a decrease in Firmicutes have been observed. The latter are major
producers of butyrate, a key molecule regulating the immune system at the level of the gut. At
the same time, bacteria with beneficial effects on the host, including Bifidobacterium, are
reduced [10,11].

Long-term follow-up studies of children at high risk of T1D suggest that certain microbiome
features emerge even before clinical disease onset: microbial diversity declines, the relative
wealth of Bacteroides increases, and the functional profile shifts towards heightened activity of
pro-inflammatory pathways. As a result of this dysregulation, newly diagnosed with T1D
display a microbiome with decreased capacity to produce butyrate and other SCFAs, as well as
disturbed bile acid metabolism, together with an increased potential for LPS biosynthesis.
SCFAs are crucial energy substrates for enterocytes and are key regulators of intestinal barrier
function. They promote epithelial cell proliferation and upregulate the expression of tight
junction proteins, thereby strengthening barriers. From an immunological perspective, SCFAS,
via G-protein-coupled receptors (GPR41, GPR43, GPR109A) and inhibition of histone
deacetylases, support the development and function of regulatory T cells (Tregs), weaken

excessive inflammatory responses, and foster immunological tolerance.



Larger attention is being paid to the role of local mucosal immunity, particularly IgA responses,
in regulating host-microbiota interactions. Bacterial metabolites, including SCFAs,
significantly modulate the IgA response profile in the gut, influencing which bacteria are
selectively coated with IgA and thus kept under immunological control. In individuals with
T1D, some potentially pro-inflammatory bacteria are less effectively coated with IgA. This
disrupts the delicate balance between tolerance and elimination of microbes in the intestinal
lumen and may preserve a pro-inflammatory mucosal environment that favors persistent “leaky
gut” and chronic inflammation [14,15].

Reviews on autoimmunity indicate that disturbances in SCFA production and profiles are a
common pathophysiological pattern across many autoimmune diseases, including T1D [16].
The consequences of reduced SCFA production and dysbiosis include increased intestinal
permeability, which has been demonstrated prospectively in children with multiple islet
autoantibodies as well as in those with newly diagnosed T1D. These children show a higher
lactulose/rhamnose ratio, lower microbial diversity, and reduced wealth of SCFA-producing
bacteria [17]. The data suggest that decreased SCFA production may serve as an early
biomarker of disease development. In animal models, these changes are associated with the
development of intestinal inflammation and disruption of the epithelial barrier [18]. A
complementary component of this axis is lipopolysaccharide (LPS), a constituent of the outer
membrane of Gram-negative bacteria. Under eubiotic conditions, small amounts of LPS are
locally neutralized, dysbiosis however combined with an overrepresentation of Gram-negative
bacteria and increased intestinal permeability (“leaky gut”), promotes the translocation of LPS
into the circulation and the development of so-called metabolic endotoxemia. In individuals
with type 1 diabetes, a predominance of Gram-negative bacteria in the stool has been observed,
as well as a correlation between their wealth, poorer glycemic control (higher HbAlc) and
elevated levels of the pro-inflammatory cytokine interleukin-6 (IL-6). In animal models,
administration of LPS exacerbates pancreatic inflammation and damage to the islets, whereas
butyrate exerts a protective effect by activating Ins1/Ins2 gene expression and improving islet
structure and function [19].

Increased intestinal permeability is a key link between these phenomena. In both T1D and other
autoimmune diseases, disruption of epithelial tight junctions, thinning of the mucus layer and
an altered composition of the gut microbiota lead to a disruption of the barrier and facilitate the
translocation of bacterial and dietary antigens into the lamina propria and systemic circulation.
The “partners in leaky gut” concept posits that dysbiosis and barrier dysfunction act

synergistically: the altered microbiome generates a pro-inflammatory milieu while



simultaneously damaging the physical barrier, which further enhances immune system
exposure to antigens and fuels autoimmunity [20].

Clinical data from microbiota studies in diabetes indicate that these disturbances are observed
not only in T1D, but also in type 2 diabetes (T2D), suggesting shared immuno-metabolic
mechanisms. In patients with diabetes, irrespective of type, reduced levels of short-chain fatty
acids (SCFA), impaired integrity of the intestinal barrier, increased circulating bacterial toxins
and a state of chronic low-grade inflammation are more frequently reported. Reviews
emphasize a “shift in balance” between protective microbiota-derived metabolites (SCFA) and
pro-inflammatory bacterial cell wall components (LPS), which is reflected in both
immunological and metabolic parameters.

Actual state of knowledge allows viewing T1D as a disease in which impaired production and
signaling of SCFA, together with excessive exposure to LPS-resulting from dysbiosis and a
“leaky gut”-jointly create an environment that favors persistent inflammation, loss of intestinal
barrier integrity and destabilization of the balance between immune tolerance and
autoimmunity. Understanding these interrelationships provides a rationale for incorporating the
analysis of gut microbiota and its metabolites into research on early diagnosis, risk stratification

and the design of novel preventative and therapeutic interventions in T1D.

Axis element Main phenomenon in T1D Potential consequences References

Gut microbiota Dysbiosis, predominance ofChronic  inflammation,
Gram-negative bacteria,poorer glycemic control.
decreased  abundance  of [11,19]
SCFA-producing bacteria.

SCFA (acetate,Decreased  production andImpaired intestinal barrier

propionate, butyrate) reduced concentrations infunction, reduced numbers

plasma and stool. of regulatory T cells

[19,21]

(Treq), increased
inflammation.

LPS Increased biosynthesis andMetabolic endotoxemia,

(lipopolysaccharide) enhanced translocation acrossactivation of Toll-like

a “leaky gut”. receptors (TLR), damage[ll’lg’zo]

to pancreatic islets.

Intestinal barrier Increased permeability Increased exposure of the

immune system to[20]
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environmental and
bacterial antigens.
Immune system Chronic low-gradelnitiation of
inflammation. autoimmunity,
[11,16]

progression of pancreatic

B-cell destruction.

Table 2. Connections between the microbiota, SCFA, LPS and the intestinal barrier in T1D

Microbiota-targeted interventions in type 1 diabetes in children

The role of the gut microbiota-immune system axis in the pathogenesis of T1D has prompted
the search for therapeutic and preventive interventions aimed at modifying the microbiota in
individuals at high risk of developing the disease. The most physiological strategy is dietary
modification-particularly increasing fiber intake, which provides substrate to produce SCFA by
commensal bacteria. In animal models, diets rich in soluble fiber (e.g. inulin, resistant starch)
lead to an increased wealth of bacteria from the genera Bifidobacterium and Faecalibacterium,
higher butyrate concentrations, strengthening of the intestinal barrier, reduced severity of
inflammatory infiltrates and delayed onset of hyperglycemia [15,18]. Reviews emphasize that
in autoimmune diseases, including T1D, a diet that promotes SCFA production may improve
intestinal barrier integrity, increase Treg numbers and attenuate chronic inflammation [15,16].
Initial observational studies in children with T1D suggest that higher fiber intake is associated
with a more favorable microbiota profile and lower inflammatory markers [17].

A second group of interventions comprises prebiotics and probiotics used as supplements.
Prebiotics selectively stimulate the growth of SCFA-producing bacteria, which may help
restore intestinal barrier integrity [15,17]. Probiotics-most commonly strains from the genera
Lactobacillus and Bifidobacteriu-have been studied in the context of their effects on glucose
metabolism, inflammatory markers and microbiota composition. Some studies report modest
improvements in glycemic control, reductions in pro-inflammatory cytokine levels and
beneficial changes in the microbiome profile however, the findings are inconsistent, and the
studies differ in terms of probiotic composition, dose, patient age and duration of the
intervention. As of this moment there is insufficient evidence to recommend routine use of any
specific probiotic in pediatric T1D, but reviews underscore that this remains a promising area
of research.

Another, more “targeted” strategy is the direct administration of short-chain fatty acids or their

precursors. In animal models of T1D, supplementation with butyrate, propionate or SCFA
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mixtures increases the number of regulatory T cells in the gut and lymphoid organs, enhances
the expression of tight junction proteins, reduces LPS translocation and lowers the incidence or
delays the onset of diabetes [15,18]. These effects are linked to activation of the receptors
GPR41, GPR43 and GPR109A, as well as inhibition of histone deacetylases, resulting in altered
expression of pro- and anti-inflammatory genes. In humans, data on SCFA supplementation are
currently very limited, and long-term studies in children at risk of T1D are lacking.

The most far-reaching intervention in the microbiome is fecal microbiota transplantation (FMT).
In animal models of T1D, transplantation of microbiota from healthy donors to susceptible
animals reduced disease incidence or delayed onset, whereas transfer of microbiota from
animals with T1D exacerbated hyperglycemia and insulin resistance [11,18]. In humans,
experience with FMT in T1D is very limited, and the procedure is currently used primarily for
other conditions (e.g. Clostridioides difficile infection) [17,19].

In the context of T1D prevention, attention has also been drawn to early environmental factors
that modulate microbiota development: mode of delivery, breastfeeding, antibiotic exposure
and dietary composition in the first years of life [17,20]. Cohort and review studies indicate that
the “developmental window” of the microbiota in early childhood is particularly sensitive to
these factors and that alterations during this period may have long-term consequences for the
immune system [13,17,20]. The “partners in leaky gut” concept further strengthen the
importance of such interventions: any measure that supports eubiosis, adequate SCFA
production and intestinal barrier integrity may potentially counteract the synergistic effects of
dysbiosis and a leaky gut [20]. As of this moment microbiota-targeted interventions are
recommended to be considered as an adjunct to standard diabetological care, with careful
evaluation of the efficacy and safety of each specific approach [15-17,19,20].

CONCLUSIONS

On this basis, type 1 diabetes in children should be viewed not only as an isolated autoimmune
disease of the pancreas, but as a condition in which the gut microbiota—immune system axis
plays a pathogenic role. Children with T1D exhibit a characteristic gut dysbiosis: reduced
microbial diversity, decreased wealth of SCFA-producing bacteria and a predominance of
Gram-negative bacteria with an increased capacity for LPS biosynthesis. These disturbances
lead to limited SCFA production, disruption of the intestinal barrier (‘“leaky gut”), increased
translocation of LPS and other bacterial antigens, and the development of metabolic
endotoxemia, thereby promoting chronic inflammation and loss of immune tolerance to

pancreatic f cells.
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Data from prospective studies and animal models indicate that alterations in the microbiota,
metabolite profile and intestinal permeability may precede the clinical onset of T1D, making
them potential early biomarkers of risk and targets for future preventive interventions.
Microbiota-targeted interventions, dietary modification, prebiotics, probiotics and modulation
of SCFA show promising effects in animal models and preliminary clinical studies but require
further investigation in children.

The integration of assessments of microbiota composition and function, concentrations of key
microbial metabolites and markers of intestinal barrier integrity should become an essential
component of future research on early diagnosis, risk stratification and the design of

personalized preventive and therapeutic strategies in pediatric T1D.
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