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The gut microbiota is a complex ecosystem consisting of bacteria, fungi, archaea, and viruses living in symbiosis
with the human organism. This collection of bacteria, archaea, and eukaryotes that colonize the digestive system
has developed this fascinating symbiotic relationship with its host over thousands of years, characterized by a

complex mutually beneficial interaction.

gut microbiota type 1 diabetes mellitus LADA

| 1. The Gut Microbiota and the Intestinal Barrier

The total number of these microorganisms is estimated to be between 1012 and 104, a number close to that of all
cells in the human body . Moreover, the genetic makeup of all these microorganisms, called the microbiome,

turns out to be even greater than that of humans 2.

Only in recent years, supported by some very important discoveries, and with the fundamental contribution of
metagenomics and 16S ribosomal RNA gene sequencing, has the composition and numerous functions of the gut

microbiota been better studied and understood 2.

The gut microbiota is physiologically composed of Firmicutes, Bacteroides, Proteobacteria, Actinobacteria,

Euryarchaeota, and Verrucomicrobia 4 (Figure 1).
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Figure 1. The main phyla constituting the gut microbiota.
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The most represented bacterial phyla are Bacteriodetes and Firmicutes, which make up more than 90 percent of

the gut microbiota !,

The intestinal barrier constitutes a protective defense against pathogens, and toxic and dietary compounds 8. It is
formed by an external epithelial layer and an inner endothelial layer which form the gut epithelial and vascular

barrier, respectively Z. The microbiota reside in the gut lumen at an adequate distance from gut the mucosa (8.

In some contexts, this barrier function is lost in what is called Leaky Gut Syndrome, a condition that has been
increasingly discussed lately, which some authors say contributes to the onset of major autoimmune diseases such

as celiac disease, rheumatoid arthritis, multiple sclerosis, and type 1 diabetes mellitus [,

The development of the gut microbiota is one of the most interesting and current fields of research. It is certainly

affected by environmental influences, the best known of which is the diet 19,

As a confirmation of the symbiotic role between the gut microbiota and the host, early microbiota colonization right

after birth deeply influences immunological, metabolic, and allergic diseases 1.

The gut microbiota physiologically plays a symbiotic role with its host, in which it is involved in numerous functions.
For example, it plays an immune role in the defense against pathogens. It also plays a key role in nutrition, being

involved in the extraction of short-chain fatty acids (SCFAs) and amino acids from foods 12,

Unhealthy diets and obesity are widely known as risk factors for the development of type 2 diabetes 23l Alterations
in the gut microbiota and their repercussions at the metabolic level play a key role in the development of type 2
diabetes mellitus 14131 Changes in microbiota composition and gut dysbiosis increase gut inflammation and
directly induce endotoxemia, which is recognized as a conditioning promoter of infectious, chronic, and metabolic
diseases and has also gained importance in cancer pathogenesis [28. Recent studies have highlighted the link
between type 2 diabetes mellitus and metabolic endotoxemia. In type 2 diabetes mellitus, metabolic endotoxins are

associated with a worsening of glycemic levels 17,

Dysbiosis in the microbiota is associated, with varying degrees of evidence, with a large number of diseases,
affecting the gastrointestinal system and others. Those affecting the digestive system include inflammatory bowel
disease and irritable bowel syndrome; other disorders include metabolic diseases such as obesity and diabetes,

allergic diseases, and neurodevelopmental diseases 18,

| 2. Diabetes Mellitus and Gut Microbiota
2.1. Early Evidence

Researchers have long hypothesized that patients with type 1 diabetes mellitus might have a different composition

of the gut microbiota than that of healthy people 22!,
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This hypothesis is related to the finding of an increased incidence of type 1 diabetes mellitus diagnoses in

developed countries, so it was thought that environmental factors might be involved in the pathogenesis 29,

The hygiene hypothesis, which correlates improved hygiene conditions with increased incidences of autoimmune

diseases, has been known for some time.

In experiments conducted on laboratory mice, an increased incidence of diabetes was found in those raised in a

germ-free environment 211,

It is known that there is a profound link between gut microbiota and the immune system, the dysregulation of which

underlies many important diseases.

Dysbiosis is hypothesized to be the cause of dysregulation of the development of the inflammatory response

underlying the onset of inflammatory bowel disease 221,

Dysregulation of the immune system is also implicated in the onset of other major autoimmune-type diseases, such

as rheumatoid arthritis, psoriasis, multiple sclerosis, and type 1 diabetes mellitus 23],

This evidence is supported by another paper from 2018 24 that started from the premise that the incidence of
diabetes mellitus type 1 has been increasing in recent years, as have those of other immune-related diseases such

as celiac disease and allergic diseases.

To explain this phenomenon, the authors hypothesize that underlying it is a decrease in the presence of certain
microorganisms, such as Bifidobacterium infantis, which plays a critically important role in breast milk metabolism,

due to several reasons such as an increase in cesarean deliveries.

This observation is reinforced by another important study conducted in Denmark 23, in which an increased
incidence rate of type 1 diabetes mellitus in children who used broad-spectrum antibiotics in the first two years of
life was found to be correlated with the mode of delivery. Additionally, it was found that infants delivered by
cesarean section and treated with antibiotics had an increased risk of developing type 1 diabetes mellitus. These
data reveal the key role played by the gut microbiota from the earliest moments of life. Researchers have seen how
its alteration could have such repercussions as to lead to the development of such an important disease as
diabetes mellitus. Alterations, as already discussed, can of course come to develop after broad-spectrum antibiotic
therapy, just as is the case with the onset of clostridium difficile infection or even secondary to the mode of delivery,

again underscoring the key role played by the microbiota from the earliest moments of life.

2.2. The Link between Onset of Diabetes Mellitus Type 1 and Gut Microbiota

Some important findings help researchers to better understand the link between type 1 diabetes mellitus and the

gut microbiota.
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In autoantibody-positive patients, an increase in the proportion of bacteria belonging to the phylum Bacteroidetes

was found, while in healthy subjects, that of Firmicutes was found to be increased [26]

This interesting research summarizes the main evidence regarding the different compositions of the gut microbiota

between patients with type 1 diabetes mellitus and healthy patients 2 (Figure 2).
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Figure 2. Summary of the main differences between the gut microbiota of patients with type 1 diabetes mellitus
and healthy patients, with data obtained from both human patients and rats. There is a decrease in some bacterial
species and phyla such as Firmicutes, Actinobacteria, Lactobacillus, Byrantella, Bifidobacterium, Turicibacter, and
Prevotella accompanied by an increase in Bacteroidetes, Eubacterium, Ruminococcus, Veillonella, and

Clostridium.

Furthermore, in patients with type 1 diabetes mellitus, a decrease in the microbiota producing SCFAs (short-chain
fatty acids) has been found [28], and for this reason some authors, as researchers shall see, hypothesize that its

replenishment could slow down beta-cell destruction.

This hypothesis is also supported by the finding in murine experiments in which fecal microbiota transplantation
(FMT) decreased the incidence of type 1 diabetes mellitus only in those transplanted with selected feces with an

abundance of Akkermansia muciniphila, a strain that produces SCFAs (23],

Researchers have previously mentioned the link between endotoxemia and the development of metabolic type
diseases such as type 2 diabetes mellitus. Gut epithelial and endothelial cell-cell junctions are composed of
transmembrane proteins called tight junctions (TJs) B9, Inflammatory insults to the intestinal barrier are able to
dismantle these connection proteins, increasing intestinal permeability, a condition also known as “Leaky Gut

Syndrome”. Obesity and unhealthy diets are promoters of increased gut leakiness, and the resulting low-grade
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inflammation is called metabolic endotoxemia, a condition which is associated with diabetes mellitus onset and
complications 311321,

This evidence comes as a result of Cani’'s seminal work in 2007 in which he highlighted how poor nutrition
increased metabolic endotoxemia with harmful consequences for the body (23l This fundamental role from a leaky
gut has also been proposed for type 1 diabetes mellitus in which increased intestinal permeability has been found

not only in the disease state but also in its preclinical stages 24,

2.3. The Role of Short-Chain Fatty Acids and HLA in Diabetes Pathogenesis

There is a complex interplay linking diabetes pathogenesis, and the microbiota and their metabolic products. With
regards to these products, short-chain fatty acids (SCFAs) play a pivotal role. Short-chain fatty acids, including
butyrate, are products of fermentation of food residues. Butyrate appears to play a key role in metabolism,

modulating satiety, blood sugar, and cholesterolemia 22!,

The report that short-chain fatty acids play a protective role against diet-induced obesity and insulin resistance has
been described in the literature (281,

In addition, oral administration of sodium butyrate in mice significantly increased plasma insulin E7.

According to some theories, diabetes mellitus type 1 may develop due to an alteration of the intestinal epithelial

barrier, in the modulation of which short-chain fatty acids play a key role.

In experiments in non-obese diabetic mouse models, there was an enhancement of beta cells in those that
received butyrate and acetate 38139,

In light of this evidence, the possible role of prebiotics and fecal microbiota transplantation in preventing diabetes
complications has been suggested 42411,

The microbiota may also, through the production of short-chain fatty acids, have an impact on diabetes
complications such as atherosclerosis and peripheral artery disease, as SCFAs are believed to reduce

inflammation and thus have a negative effect on the formation of atherosclerosis 42,

Some very other interesting piece of evidence comes from the TEDDY (the Environmental Determinants of
Diabetes in the Young). The TEDDY study, among its many areas of research, was also interested in the
relationship between the onset of juvenile diabetes and the gut microbiota. This study revealed the protective role

of short-chain fatty acids against diabetes mellitus type 1 431,

Type 1 diabetes mellitus falls among the autoimmune diseases, and similar to other autoimmune disorders, there is
a close association with genetic factors.
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Many researchers have wondered whether there might be a link between HLA (human leukocyte antigen)

genotypes and the development of the gut microbiota.

A landmark study, conducted in Sweden over two years, involved infants whose fecal samples were collected at

one year of age, the time when the autoimmunity that characterizes type 1 diabetes mellitus typically develops.

Fecal composition was correlated with HLA genotype, and it was found that genotype may have an association
with the gut microbiota of infants, resulting in the first study in which HLA genotypes were found to correlate with

changes in the gut microbiota in human patients 4],

2.4. The Use of Probiotics and Fecal Microbiota Transplantation as Treatment for
Type 1 Diabetes Mellitus

Probiotics are defined as microorganisms that are beneficial to the body, while prebiotics are non-digestible foods
that stimulate the growth of certain bacterial groups in the intestinal tract 22!, Attempts have been made in recent
years to modulate the composition of the microbiota through the use of these new therapeutic weapons for the

treatment of many diseases, among which type 1 diabetes mellitus could not be left out.

Some important evidence on the use of probiotics comes from a recent study conducted in India, in which
probiotic-treated children saw improved glycemic control indicated by a reduction in HbAlc and insulin treatment

requirement 48],

This represents an important starting point, although there is still a long way to go in this regard, and many studies

are still needed.

With the use of fecal microbiota transplantation (FMT), as opposed to probiotics, one goes about manipulating the

composition of the gut microbiota in a significantly more invasive way.

A randomized controlled trial conducted in 2020 by de Groot et al. 28] demonstrated that fecal microbiota

transplantation can prolong beta-cell function in newly diagnosed patients with type 1 diabetes mellitus.

Some other important evidence comes to researchers from a recent study in which two patients with type 1

diabetes mellitus underwent fecal microbiota transplantation 2.

The results were surprising; one of the two no longer required hypoglycemic treatment during the months of follow-
up in the study, while the other discontinued insulin treatment, and only took oral hypoglycemic drugs. These

patients underwent multiple sessions of fecal microbiota transplantation, indicating a kind of “reinforcing effect.”

On the strength of this evidence and the multiple insights gained over time, fecal microbiota transplantation is being

studied as a therapeutic strategy for diabetes mellitus as well. Just to tie in with the statements, researchers cite
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the very recent case of a 24-year-old young man with type 1 diabetes mellitus and malnutrition successfully treated

with fecal microbiota transplantation 48],

All of this evidence gives hope that better glycemic control can be achieved in the future through these new

therapeutic strategies.
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