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Background: Type 1 diabetes mellitus (T1DM) is an autoimmune disease with a complex etiology comprising numerous genetic and
environmental factors; however, many of the mechanisms underlying disease development remain unclear. Nevertheless, a critical role
has recently been assigned to intestinal microorganisms in T1DM disease pathogenesis. In particular, a decrease in intestinal microbial
diversity, increase in intestinal permeability, and the translocation of intestinal bacteria to the pancreas have been reported in patients
and animal models with TIDM. Moreover, intestinal microbial metabolites differ between healthy individuals and patients with
T1DM. Specifically, short-chain fatty acid (SCFA) production, which contributes to intestinal barrier integrity and immune response
regulation, is significantly reduced in patients with TIDM. Considering this correlation between intestinal microorganisms and T1DM,
many studies have investigated the potential of intestinal microbiota in preventive and therapeutic strategies for T1IDM.

Objective: The aim of this review is to provide further support for the notion that intestinal microbiota contributes to the regulation of
T1DM occurrence and development. In particular, this article reviews the involvement of the intestinal microbiota and the associated
metabolites in T1DM pathogenesis, as well as recent studies on the involvement of the intestinal microbiota in TIDM prevention and
treatment.

Conclusion: Intestinal microbes and their metabolites contribute to TIDM occurrence and development and may become a potential
target for novel therapeutics.
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Background
Type 1 diabetes mellitus (T1DM) is an autoimmune disease caused by islet atopic T cells that damage islet § cells, resulting
in insufficient insulin secretion. According to recent estimates by the International Diabetes Federation, as of 2019, 463
million people, including 1.1 million children and adolescents under the age of 20 years, worldwide have been diagnosed
with diabetes. Meanwhile, T1DM often has acute (diabetic ketoacidosis) or short-term (diabetic eye, kidney, and other
diseases) complications caused by extreme blood sugar levels, which can lead to permanent disease and even death.
Environmental factors synergize with genetic susceptibility to promote TIDM development. In particular, environmental
factors, including intestinal microorganisms, have central roles in TIDM pathogenesis.' Typically, in healthy individuals,
intestinal microorganisms are in a state of dynamic equilibrium; however, when this balance is disrupted, various chronic
diseases can develop. In the context of T1DM, unique microbiome structures with poor stability and low diversity have been
defined for patients with TIDM compared to healthy individuals.>® Meanwhile, patients with TIDM who have undergone
treatment develop microbiota that resembles that of healthy individuals, thus supporting a role for the intestinal microbiota in
T1DM development and/or pathogenesis. Accordingly, it has been postulated that intestinal microbiota may serve as a target
for the prevention and treatment of T1DM. That is, restricting the growth of disease-associated microorganisms, or enhancing,
within an effective range, the growth of microorganisms that favorably impact disease outcome, may prove to be successful
strategies for treating or preventing T1DM. Current methods for disease prevention or treatment that influence gut microbiota
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include dietary fiber supplementation, probiotic intake, and breastfeeding, further proving that the intestinal microbiota is
involved in the regulation of the disease.

The primary aim of the current article is to further investigate and collate the current literature related to the
regulatory role of the intestinal microbiome in T1DM occurrence and development, while also providing new insights
into the involvement of intestinal microbiota, and their metabolites, in TIDM pathogenesis.

Intestinal Microorganisms in TIDM

The intestinal tract, which contains a myriad of microbes, is the largest immune organ in the human body.* The intestinal
microbiota of healthy individuals primarily comprises Bacteroidetes, Firmicutes, Actinobacteria, Proteobacteria,
Deferribacteres, Tenericutes, and Verrucomicrobia.” However, with age, as well as following changes in diet and environ-
ment, the composition of the intestinal microbiota becomes altered. Newborns are exposed to vaginal or epithelial
microflora during natural delivery or cesarean section, respectively.® This initial exposure influences subsequent microbial
colonization of the infant’s intestinal tract, which will stimulate the development, and maturation, of the immune system.

Considering that TIDM is an autoimmune disease, and that the intestinal microbiome may significantly impact T1DM
pathogenesis, studies have been conducted in various countries and regions to analyze the intestinal microflora of patients with
T1DM. The findings of these studies reveal that in countries with a high incidence of autoimmune diseases, Bacteroides spp.
are abundant in children with autoimmune diseases, while the lipopolysaccharides (LPS) secreted by Bacteroides are capable
of inhibiting innate immune signals and endotoxin tolerance,’ leading to abnormal immune function. Moreover, in the TIDM
model, intestinal microbial composition differs under distinct genetic backgrounds and ages.® ' Meanwhile, in individuals
with genetic susceptibility to T1DM, the metabolic pathways and predominant microbial strains within the intestinal
microbiota are stable throughout infancy, whereas microbial diversity decreases following serum transformation, with an
apparent increase in inflammatory tissues and activation of inflammatory pathways prior to T1DM development.'" In addition,
significant differences have been reported in intestinal microbiota structure between patients with TIDM and healthy
individuals. In particular, microorganism diversity and stability are low in patients with TIDM.>? For example, pregnant
women with TIDM exhibited a relative shift toward a proinflammatory gut microbiota, with increased LPS-producing
bacteria and decreased short-chain fatty acids (SCFA)-producing bacteria, resulting in increased levels of intestinal inflam-
matory markers within their stools and serum markers of intestinal epithelial damage.'?

The intestinal barrier can prevent microorganisms from overstimulating the immune system and release bacteriostatic
substances, such as antimicrobial peptides.'® Intriguingly, intestinal microbiota and its metabolites can also promote the
expression of antimicrobial peptides.14 For instance, Liang et al reported that low cathelicidin-associated antimicrobial
peptide (CRAMP) expression in the colon of neonatal non-obese diabetes mellitus (NOD, a spontaneous T1DM model)
mice resulted in intestinal microbiota disorder and an increase in the production of intestinal type I interferon (I-IFN),
which can promote the development of diabetes in adult mice.'”” Meanwhile, supplementation with CRAMP caused
reconstruction of the gut microbiota, thereby preventing development of diabetes in NOD mice.'> Hence, antimicrobial
peptides have a critical role in maintaining intestinal homeostasis, raising the question of whether the concentration of
antimicrobial peptides decreases in early stages of TIDM and, if so, do they offer novel insights regarding the
pathogenesis, prevention, and treatment of TIDM? Indeed, antimicrobial peptides are involved in the maintenance and
regulation of intestinal microbiota homeostasis.'® From a developmental perspective, antimicrobial peptides can be
viewed as a defense system that maintains the balance between intestinal homeostasis and inflammation by generating
appropriate antimicrobial responses, while intestinal microbial disorder disrupts the balanced interaction between gut
microbiota and host antimicrobial peptides.

In addition, CD8" T cells become activated and proliferate in NOD mice following the transfer of intestinal barrier-
destroying bacteria, resulting in an increased incidence of diabetes.'” Thus, following intestinal barrier injury, intestinal
bacteria interact with host immune components to activate immune cells, which then promote TIDM development.
Indeed, impaired intestinal barrier function and increased permeability also occur before the onset of T1DM.'®!?
Specifically, the intestinal permeability of germ-free (GF) NOD mice is increased following fecal transplantation from
patients with TIDM,?® suggesting that alterations in the intestinal microbiota may cause intestinal barrier damage.
However, the intestinal microbiota of patients appears to change following emergence of TIDM autoantibodies.?' That

1124  "oes Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2022:15

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Zheng et al

is, production of autoantibodies induces changes within the microbiota, which lead to impaired intestinal permeability.
These events may facilitate contact between microorganisms and intestinal epithelial cells or bacterial translocation. The
former triggers the intestinal mucosal immune response, while the latter may result in translocation of the microbes to
other organs, including the pancreas, while also stimulating the immune response and cause pancreatic damage
(Figure 1). Of note, bacterial translocation to the pancreas of diabetic mice is diminished following improved intestinal
permeability.”> Moreover, translocated intestinal bacteria within the pancreatic lymph nodes (PLN) of diabetic mice,
activate NOD2 receptors within the PLN, which in turn promote the production of proinflammatory Thl and Thl7
cells.>® Indeed, the initiation site of activation of diabetes-specific cells may be within the intestinal tract.>*

Intestinal microbiota, as the main stimulator of the immune system, is involved in many diseases. However, the causal
relationship between changes in gut microbes and disease occurrence, including of T1DM, as well as how intestinal
microbes participate in the disease process, remain to be fully elucidated. In particular, the relationship between T1DM
and intestinal microbiota continues to be investigated in the context of autoimmune diseases; however, it requires further
investigation.

Metabolites of Intestinal Microorganisms in TIDM

Intestinal microorganisms can degrade carbohydrates to produce metabolites, such as SCFAs (including acetic acid,
propionic acid, and butyric acid), secondary bile acids, and tryptophan derivatives.'* Recent studies have shown a
potential causal association between gut microbes and blood metabolites. For instance, blood glutamate can reduce the
abundance of Oxalobacter, while blood triglyceride concentration is affected by Oscillibacter and Alistipes, and members
of Proteobacteria are affected by glutamate, alanine, 5-methyltetrahydrofolate, and selenium.>> Moreover, metabolites
can provide an additional source of energy for intestinal cells and participate in host metabolism.?® For example, SCFAs
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Figure | Pancreas, intestinal tissues, and microflora in normal and TIDM conditions.

Notes: (A) Under normal conditions, the pancreas is in a sterile environment, the intestinal tissue structure is complete, and the intestinal flora is primarily restricted to the
intestinal cavity. (B) In TIDM, intestinal permeability is increased, the mucus layer thickness is reduced, and bacterial contact with intestinal epithelial cells or transfer to
other tissues or organs through damaged intestinal epithelial cells occur. |: Mucosal immune response is induced after bacterial contact with intestinal epithelial cells; 2:
Bacterial transfer to the pancreas causes an immune response that can damage the pancreas.

Abbreviations: APC, antigen-presenting cell; Th, helper T cell.
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can be absorbed by intestinal epithelial cells and, ultimately, enter the blood circulation, consequently affecting sugar
storage of muscle, liver, and fat cells. Meanwhile, acetic acid can also reach the brain, and reduce appetite and food
intake,”’ thus, retarding the disease. SCFAs can also protect the integrity of the intestinal barrier by activating G-protein-
coupled receptors, inhibiting histone deacetylase expression, increasing intestinal tight junction mRNA and protein
expression, and reducing intestinal permeability. Similarly, bacterial tryptophan metabolites can regulate intestinal barrier
function through aromatic hydrocarbon receptors.”®

Although T1DM is an autoimmune disease, patients can also exhibit abnormal plasma metabolite levels. In fact,
children with TIDM aged 6-18 years exhibit decreased fecal SCFA concentration compared to that of the control.?’
Moreover, in a longitudinal study, early development of TIDM in infants (PT1D) was associated with decrease in the
contents of sugar derivatives, amino acids, and fatty acids (including SCFAs) compared with those of controls (CTRs).
Additionally, methionine lever is upregulated in PT1D, while islet autoantibody production is associated with decreased
glutamate and aspartate levels in patients with only one serum autoantibody (P1Ab) compared with those of CTR.?’
Another study examined PT1D, P1Ab, and CTRs and found abnormalities in plasma metabolites. Specifically, compared
with that of the P1Ab and CTR groups, sphingomyelin lever was continuously downregulated in the PT1D group.
Triacylglycerol and phosphatidylcholine levers were primarily downregulated in PT1D compared with those of P1Ab
after three months.>® Moreover, plasma concentrations of free fatty acids differed between the healthy group and TIDM
group,’! indicating that TIDM is accompanied by changes in plasma and feces metabolites. Alterations in metabolites are
also associated with the development of T1DM-related complications, including higher baseline fumarate levels and
lower amino acid levels (asparagine and glutamine) in patients with diabetic cardiovascular autonomic neuropathy,
Moreover, plasma metabolites concentrations correlate with albuminuria lever in patients with TIDM in the early stages
of diabetic nephropathy.**

Changes in metabolite levels have also been reported in various animal models of diabetes. A non-targeted long-
itudinal metabolomics study was carried out in female and male NOD mice and found different metabolic characteristics
at different time points. That is, upon development of diabetes, mice had metabolite levels that differed significantly from
those at other time points, among which the most influential metabolic pathways included lipid, branched-chain amino
acid, carbohydrate, and oxidation pathways, accompanied by several biochemical alterations.>* Additionally, the key
characteristics of TIDM were negatively correlated with the microbial metabolites, acetate and butyrate, in feces and
blood,® indicating that an increase in butyrate or acetate content may inhibit the occurrence, or development, of TIDM.
This notion is further supported by a study reporting that butyrate synthase production is significantly reduced in TIDM
animals,’® suggesting that supplementation with butyric acid, or other metabolites, at optimal time points, may delay
T1DM occurrence.

With the advances in science and technology, new metabolites are being discovered, including microbial-derived
SCFAs and tryptophan derivatives, which provide new testing methods for the treatments and prognoses of diseases.
Furthermore, the difference in metabolite levels between healthy individuals and TIDM patients may offer insights into
metabolic characteristics unique to TIDM that could serve as effective predictors of disease.

Intestinal Microbiota and Its Metabolites Affect the Occurrence and
Development of TIDM by Regulating the Immune System

Intestinal microorganisms and their metabolites, as foreign antigens or pathogen-associated molecular patterns, can
trigger an immune response and be recognized by pattern recognition receptors. Subsequently, via MYDS88, or related
signaling molecules, signal transduction is activated, resulting in recruitment of effector cells, and activation of APCs to
produce various immune-related molecules.>” Thus, microorganisms can regulate the occurrence of autoimmune diabetes
and contribute to immune regulation. Accordingly, studies have examined whether microbiota affects the occurrence of
diseases by interacting with the immune system. Intestinal microorganisms reportedly accelerate the development of the
disease by stimulating diabetic immunity cells. Specifically, the transporter polypeptide of Fusobacterium has strong
homology with IGRP (autoantigen targeted by diabetic CD8" T cells), which can be processed and presented by gut-
associated APCs, stimulate IGRP-reactive CD8" T cells, and accelerate diabetes onset with a strong correlation noted
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between the abundance of Fusobacterium and progression to diabetes.>® Additionally, the TCR-TG mice, in which most
of the CD4" T cells express TCR and pancreatic islet cells exhibit significant T cell infiltration, do not develop diabetes
under normal circumstances. However, when dextran sulfate sodium (DSS) is used to induce colitis in the mice, the
intestinal barrier integrity becomes compromised, resulting in activation and transfer of islet-reactive T cells from the
intestinal mucosa to the pancreas, leading to diabetes. However, this phenomenon depends on the existence of intestinal
microorganisms; otherwise, diabetes does not occur following DSS induction, indicating that the activation of islet
reactive T cells requires the presence of the intestinal microbiome following intestinal barrier injury.>® That is, intestinal
microorganisms can stimulate the activation and proliferation of immune cells associated with diabetes and participate in
the pathogenesis of diabetes; however, it remains unclear which microbes lead to the activation of islet-reactive T cells.
Nevertheless, Sun et al recently reported that microbiota-derived SCFA acted on the GPR43 receptor to activate the
mTOR and STAT3 pathways in Thl cells, thereby upregulating the expression of the transcription factor Blimp-1, which
promote IL-10 production in Thl cells and relieve intestinal inflammation.*® Meanwhile, another study showed that IL-
10 knockout in TCR-Tg NOD mice increases CD4" T cells activation and neutrophil infiltration in pancreatic islets to
promote diabetes-related symptoms. The effect of IL-10 on neutrophil homeostasis was mediated by altering gut
microbiota structure.*' However, the mechanism by which the gut microbiota regulates neutrophil homeostasis and
their role in the development of TIDM remains to be elucidated. Collectively, this evidence suggests that the presence of
microorganisms may stimulate the activation and proliferation of relevant immune cells, thereby promoting islet
inflammation and exacerbating diabetes symptoms.

Interestingly, the incidence of TIDM in GF NOD mice does not differ from that of normal NOD mice. Meanwhile,
following fecal transplantation from children with TIDM to GF NOD mice, the incidence of TIDM was lower in the fecal
bacteria transplantation group than in the non-transplantation group,*? suggesting that gut microbial can affect the
occurrence of TIDM in GF NOD. Meanwhile, the development of diabetes in NOD mice was observed reduced following
colonization with specific Bacillus cereus, indicating that the restrictive microbiota may regulate disease development.*
For example, the transfer of a single strain of Akkermansia visiniopha to high incidence NOD mice can retard the onset of
diabetes, by promoting mucus production and expression of the antimicrobial peptide Reg3 vy, while reducing the level of
serum endotoxins and the expression of islet Toll-like receptor.** Additionally, antibiotic exposure in early life causes rapid
T1DM progression in NOD mice, whereas transplantation of maternal cecal microbiota significantly reduces the incidence
of diabetes with concomitant restoration of microbiota, metabolites, and innate and adaptive immune effectors.*> These
results indicate that the intestinal microbiota participates in the regulation of diabetes. Thus, regulation of intestinal
microbiota may be an effective TIDM treatment strategy.

Intestinal microbiota can produce metabolites through the decomposition of carbohydrates, and these gut metabolites can
affect disease progression by interacting with the immune system. Administration of metabolite-based dietary supplements
(acetic acid and butyric acid modified high amylose corn resistant starch) to T1DM patients for six weeks results in remodeling
of the gut microbiota structure, as well as altered immune profiles, immune tolerance, and improved glycemic control for the
treatment of TIDM.* Meanwhile, administration of a specially designed diet (fermented in the colon to produce large
amounts of acetate or butyrate) to NOD mice, in which acetate influences the frequency of autoreactive T cells by interacting
with GPR43 receptors, and butyrate modulates the number and function of Tregs by inhibiting HDAC expression or
interacting with other butyrate receptors.>> Moreover, combined administration of acetate and butyrate enhances the integrity
of the intestinal barrier and reduces the concentration of serum pro-inflammatory cytokines. Importantly, each diet of these
diets has demonstrated protection against development of TIDM.* Butyrate can also ameliorate the immune milieu of islets
through enhancing the production of antimicrobial peptides in pancreatic endocrine cells in TIDM. In fact, following
administration of diabetic mice with broad-spectrum antibiotics, the production of pancreatic antimicrobial peptides
decreased, indicating that the intestinal microflora can regulate the pancreatic immune environment through SCFAs and
antimicrobial peptides.*’ Further evidence indicates that butyric acid can inhibit the inflammatory response aggravated by
vancomycin, as well as the recruitment of IFN-y" T cells, by acting on pancreatic T cells and DCs, thus restraining the
development of pancreas-guided autoimmunity in female offspring of NOD mice.*® Another study indicated that early
administration of butyrate induces an increase in the number of intestinal Tregs that can migrate to the pancreas and PLN to
restore immune tolerance during TIDM.* In addition, long-term acetate supplementation treatment reduced the level of
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intestinal free IgA, prevented the binding of intestinal bacteria to IgA, inhibit the formation of germinal center B cell, and
alleviate islet inflammation in T1DM mice.*

In the early stages of life, colonization by microorganisms is conducive to the development of the immune system,
which not only participates in host immune regulation and promotes nutrient absorption but also functions in concert with
the intestinal mucosal barrier to resist pathogen invasion. Simultaneously, the host provides an environment for
microbiota to survive. Following colonization of the intestinal tract, microorganisms can affect the intestinal mucosal
immune response through their own, or thallus components. For example, following colonization of GF mice with
Bacteroides fragilis (B. fragilis), its bacterial capsular polysaccharide (PSA) was processed and presented by intestinal
DCs, resulting in activation of CD4" T cells and induction of cytokine production. PSA can also influence immune
regulation by correcting T cell deficiency, Th1/Th2 imbalance, and guiding the development of lymphoid organs in GF
mice.”® Meanwhile, colonization of GF mice with Clostridium causes the production of butyrate and other SCFAs.
Butyrate can then inhibit the activity of HDAC and regulate the transcription factor SP1 to increase TGF-B expression.”'
In addition, butyrate can metabolize to butyryl-CoA, which activates carnitine palmitoyltransferase 1A (CPT1A),
enhance CPT1A-dependent fatty acid oxidation, and promote iTreg differentiation.’ Thus, providing an environment
rich in TGF-P and Treg inducers, such as butyrate, affects the number and function of Foxp3™ Tregs in the colon.”
Segmented filamentous bacteria (SFB) colonization can induce the proliferation of Th17 cells in the lamina propria
(Figure 2). That is, in the terminal ileum of mice containing Thl7, SFB adheres to the surface of the intestinal
epithelium.>* SFB and intestinal epithelial cells communicate by producing vesicles at the synaptic cleft, which enter
intestinal epithelial cells and primarily contain SFB cell wall-related proteins, which can promote the proliferation of
Th17 cells.”

In addition, metabolites produced by microorganisms exert immunomodulatory effects. Acetic acid has the ability to
increase the number of Treg cells in mice, which promotes the differentiation of extrathymic Treg cells, depending on the
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Figure 2 Communication between intestinal microbiota and immune cells.

Notes: SFB can promote the proliferation of Th17 cells in the lamina propria through colonization of the intestinal mucosa. Following their activation, DCs collect B. fragilis
and PSA from the intestinal cavity and migrate to lymphatic organs, promoting Th differentiation by releasing IL-12. Clostridium colonization in the gut can produce butyrate,
which induces Treg expansion. Meanwhile, acetate significantly reduced the number of autoreactive T cells.

Abbreviations: SFB, segmented filamentous bacteria; DC, dendritic cells; IL-12, interleukin 12; Th, helper T cell; Treg, regulatory T cell.
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intron enhancer CNS1. This promotes the production of peripheral spleen Treg cells and encourages dendritic cell (DC)
stimulation of extrathymic Treg cell differentiation by inhibiting histone deacetylase activity.’® Butyrate also promotes
IL-22 production by inhibiting histone deacetylase (HDAC) expression, activating GPR41 to promote the expression of
aryl hydrocarbon receptor (AhR) and hypoxia-inducible factor 1a (HIF1a). Mechanistically, GPR41 promotes binding of
HIFla to the HRE region of the IL-22 promoter, inducing histone acetylation and enhancing IL-22 expression.’’
Moreover, binding of secondary bile acid to its receptor TGRS can reduce the activation of NLRP3 inflammatory
bodies, induce CREB-mediated IL-10 production, and inhibit NF-kB signal transduction, while downregulating the
production of proinflammatory cytokines by macrophages.'® In wild-type mice, oral administration of SCFAs activates
the mTOR and STAT3 pathway in intestinal epithelial cells by interacting with GPR43, inducing the expression of
antimicrobial peptides in intestinal epithelial cells.'*

Taken together, these results suggest that intestinal microbiota and their metabolites influence the occurrence and
development of T1IDM by regulating the immune system, and may also serve as potential diagnostic indicators and
therapeutic approaches for TIDM.

Intestinal Microbiota Influences TIDM Prevention and Treatment

Two primary treatments are administered for autoimmune diabetes, namely, insulin injection and islet organ transplant.
However, both have their own limitations. Owing to the importance of intestinal microbiota in T1DM, many animal
experiments and clinical studies have explored whether altering the intestinal microbiota can delay disease progression,
or whether corresponding changes occur in intestinal microbial abundance following treatment administration. Hence, in
this section, we review relevant literature related to whether intestinal microbiota impacts TIDM progression or
treatment.

Dietary Supplements

Dietary interventions, as well as changes in the gut microbiome, and exposure to intestinal pathogens regulate the
development of autoimmune diabetes.’®>® Gluten is the initiator of autoimmunity in celiac disease, and the autoimmune
process stops when gluten is removed from the diet.°” Dietary interventions mainly refer to the use of dietary
supplements such as probiotics, prebiotics, synbiotics, and dried yeast to improve TIDM symptoms and have been
used in clinical trials (Table 1). Probiotics are living supplements that can maintain normal intestinal function. Prebiotics
are food ingredients that promote the growth or activity of bacteria to improve human health, however, are not easily
digested. Synbiotics are a combination of probiotics and prebiotics.”’ Among them, probiotics are more widely used.
Traditional probiotics, including Lactobacillus and Bifidobacterium, such as Lactobacillus in yogurt, promote digestion
and absorption in the gastrointestinal tract and improve intestinal function.®?

For people with diabetes, it is necessary to regulate diet. In particular, patients must reduce their intake of foods with
high sugar content while increasing consumption of whole grains containing fibers. Indeed, administration of an anti-
diabetic diet (infant formula) in young NOD mice retards disease onset.*> As aforementioned, colitis may be involved in
T1DM occurrence, with mild colonic inflammation detected in young NOD mice. However, upon administration of an
anti-diabetic diet to these mice, for two weeks after birth, the number of inflammatory DCs, as well as IL-17 and 1L-23
abundance in the colon diminished, thereby reducing the occurrence of colonic inflammation, restoring colonic immune
homeostasis, and decreasing the incidence of TIDM.®* Although these findings provide support for the notion that colitis
is associated with T1DM, the associated relationship requires further clarification.

One way to alter gut microbes is to supplement dietary fiber, which can improve the microbiome diversity and benefit
gut bacteria growth.®**> Specifically, low-methoxyl pectin (LMP), a carbohydrate, has anti-inflammatory effects and
reduces intestinal permeability.*®” LMP supplementation also significantly reduces the incidence of diabetes in NOD
mice, and this protective effect depends on the effect of LMP on the caecum microflora, by increasing the abundance of
Firmicutes and TM7. The ratio of Firmicutes to Bacteroides not only affects carbohydrate metabolism but also increases
production of SCFAs,®® compared with that of controls. Thus, LMP supplementation could improve the balance of the
caecum environment. It can also regulate the pancreatic immune response by increasing the number of Foxp3 "™ Treg and
decreasing the activation of NLRP3 inflammasome in both the pancreas and PLN of NOD mice.®” However, the precise
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Table | The Effect of Treatments on Intestinal Microbiota in TIDM Clinical Trial

Therapy Method Findings References
Dietary Patients with TIDM took a dietary supplement based on Concentrations of SCFAs in plasma and feces [46]
supplement | SCFAs for 6 weeks and were followed up at 12 weeks. increased and were consistent with changes in

microbiota composition and function,

Children at increased genetic risk for TIDM are Early probiotic supplementation reduced the risk of | [76]
supplemented with probiotics during the first year of life. islet autoimmunity in children with the highest

genetic risk of TIDM.
Probiotic supplementation for 3 months in children with HbA I c and insulin bolus doses decreased significantly | [77]
new-onset TIDM (2—12 years). compared with the placebo group.
T1DM children 8 to 17 years fed inulin enriched with Prebiotic feeding increases Bifidobacterium spp. [78]
prebiotic oligofructose for 12 weeks. abundance, increased serum C-peptide

concentrations.
T1DM patients received synbiotic powder for 8 weeks. The fasting blood glucose, hemoglobin Alc, insulin [79]
and other indicators of the intervention group were
significantly improved.

Babies are given probiotics daily from birth until 6 months | The use of probiotics was not related to B-cell [80]
of age. autoimmunity and the occurrence of type | diabetes.
Oral Lactobacillus rhamnosus GG and Bifidobacterium lactis No difference in the area under the c-peptide level [81]

Bb12 were administered to children aged 8-17 years with | curve between placebo and treatment groups
newly diagnosed TIDM for 6 months and followed up for
12 months.

Abbreviations: SCFAs, short-chain fatty acids; TIDM, type | diabetes mellitus.

mechanism by which immune cells in the gut-pancreas axis are induced to migrate from the caecum, or affect the
immune environment of the pancreas, remains unclear.

Yeast B-glucan (YBG), a compound polysaccharide, can inhibit islet inflammation in pre-diabetic NOD mice by long-
term oral administration and significantly retards the occurrence of TIDM. In animal experiments, immune regulation
induced by oral YBG administration inhibits the infiltration of immune cells and destruction of  cells, resulting in delay
of hyperglycemia in NOD mice. Meanwhile, YBG also impacts the intestinal microbiota. That is, YBG-treated mice
exhibit a significantly higher abundance of Verrucomicrobia and Bacteroidetes, as well as profoundly lower abundance of
Proteobacteria and Firmicutes in fecal samples compared with those of controls. Verrucomicrobia and Bacteroidetes
include many bacterial species that degrade polysaccharides. Hence, the protective effect of YBG is partially dependent
on the intestinal microbiota, which was further demonstrated following antibiotic treatment of NOD mice.”® However,
these findings must be verified in GF mice to ensure that the antibiotic treatment did not eliminate all bacteria.

As of March 5, 2022, 105 ongoing clinical studies have been conducted on TIDM treatment using dietary
supplements (ClinicalTrials.gov), 14 of which were conducted using probiotics. Probiotics promote the diversity and
stability of the host microbiota and regulate the host immune system.”" In a streptozotocin (STZ)-induced diabetic model,
administration of probiotics effectively improved the values of various biochemical indicators of diabetes,”” reversed
STZ-induced microbiota imbalance, restored intestinal barrier function, and reduced bacterial translocation and endo-
toxin levels.”” Moreover, probiotics can prevent TIDM development by regulating the intestinal environment at the
microbiota and immune cell levels. For instance, after administration of VSL#3 probiotics to four-week-old NOD mice,
the intestinal microbiota composition became altered as the relative abundance of Clostridia increased. These bacterial
strains have strong pro-tolerance properties, which induce immune tolerance and reduce inflammation in the intestinal
tissues.>>’* Specifically, the expression of IL-1p, an intestinal mucosal inflammatory component, is decreased, while that
of indoleamine 2-3-dioxygenase (IDO) is increased. IDO inhibits the differentiation of Th1/Th17 and promotes the
differentiation of Tregs, resulting in reduced incidence of diabetes in NOD mice.”®

Although dietary supplements have shown clear success in animal studies, further clinical research is warranted. A
recent clinical trial examined the effects of administering a dietary supplement based on SCFAs to patients with TIDM
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for 6 weeks; follow-up continued for 12 weeks. Concentrations of SCFAs in plasma and feces increased and were
consistent with changes in microbiota composition and function. Although glycemic control and insulin requirements
were not significantly impacted, patients with the highest concentrations of SCFAs exhibited superior glycemic control.*®
Moreover, the TEDDY trial reported that early probiotic supplementation reduces the risk of islet autoimmunity in
children with the highest genetic predisposition of TIDM.”® Further, in a single-center, double-blind, and randomized
placebo-controlled trial, the intervention group was supplemented with probiotics for three months; the intervention
group HbA1c and insulin bolus doses decreased significantly compared with those of the placebo group, with no adverse
reactions reported.”” Meanwhile, in a 12-week randomized, placebo-controlled trial, the use of prebiotics (oligofructose-
enriched insulin) significantly increased serum C-peptide concentrations, and permutational multivariate ANOVA
showed that prebiotic treatment had a significant effect on microbial distribution between samples.”® In addition, in a
double-blind clinical trial, continuous supplementation of synbiotics (Lactobacillus sporogenes GBI-30 (probiotic),
maltodextrin and fructooligosaccharide (prebiotic)) for eight weeks significantly improved the levels for fasting blood
glucose, hemoglobin Alc, insulin and other indicators.”’

However, in a randomized double-blind placebo-controlled clinical trial, administration of probiotics in infancy did
not affect pancreatic cellular autoimmunity nor diabetes development. This indicates that the use of probiotics does not
impact B-cell autoimmunity nor the occurrence of TIDM.®® This phenomenon may be due to different patient responses
and different probiotics. Moreover, in another double-blind, randomized controlled trial, oral Lactobacillus rhamnosus
GG and Bifidobacterium lactis Bb12 were administered to children aged 8—17 years with newly diagnosed TIDM for 6
months and the follow-up was conducted for 12 months. However, no difference was observed in the area under the
c-peptide level curve between placebo and treatment groups,81 Hence, the use of these two probiotics did not improve
pancreatic fB-cell function. Similarly, another TEDDY study analyzed the food records of 3358 children aged 948
months and found that intake of high soluble dietary fiber did not exert protective effects on TIDM occurrence.®?

Collectively, we can preliminarily conclude that dietary supplements are effective treatment approaches in clinical
trials. However, more large-scale clinical trials are required to verify their usefulness. In addition, the effects and
underlying mechanism of action of dietary supplements on the intestinal microbiota in patients with TIDM also require
further investigation.

Antibiotics

Antibiotics are the general class of antimicrobials that target bacteria, as well as certain fungi and parasites; however,
owing to misuse of antibiotics, the intestinal microbiota can develop drug resistance.*> Moreover, the use of antibiotics is
associated with a variety of diseases, including colorectal cancer.®* A dose-response relationship has even been reported
between antibiotics use in infants and the incidence of childhood asthma.® However, certain antibiotics, when
administered responsibly, can have a positive effect on the intestinal microbiota by increasing the abundance of beneficial
bacteria. In fact, this strategy has been adopted for the treatment of irritable bowel syndrome and hepatic
encephalopathy.®®

Although numerous studies have examined the role of antibiotics in T1DM, inconsistent results have been reported.
For instance, in 2006, Brugman et al found that antibiotic treatment of bio-breeding diabetes-prone rats significantly
delayed the incidence of diabetes, suggesting that antibiotics can destroy certain microbes, thus lowering the antigen load
and reducing contact between bacterial and the immune system.>”

Although T1DM has a complex etiology, the most significant contributing factor is production of autoantibodies
against antigens of pancreatic cells. Under normal conditions, organisms do not produce antibodies that attack self-
antigens. However, when certain foreign antigens have the same epitope as those of body cells, antibodies are produced
against the foreign antigen, which can also attack self-cells. Alternatively, cells may express the foreign antigen receptors
and become infected causing cytopathic effects.®’” Indeed, microorganisms, as producers of foreign antigens, function as a
contributing factor to TIDM autoimmunity. Supporting this view, a clear association has been reported between
enterovirus and pancreatic autoimmunity or TIDM,* as well as significant homology between microbial antigens and
islet autoantigens.3 8 In the above article, the use of antibiotics reduced the abundance of microbiota, antigen load, and the
incidence of TIDM,> suggesting a correlation between the microflora and TIDM occurrence. Moreover, Kilham rat
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virus (KRV) can induce diabetes in a genetic susceptibility model, which is related to the innate immunity induced by
KRV.*% 1t is also linked to transient changes in the intestinal microbiota as the abundance of Bifidobacterium and
Clostridium increased after KRV infection.”’ Similarly, the combination of trimethoprim and sulfamethoxazole exerts
protective effects on KRV-induced diabetes models, particularly by reducing the abundance of Bifidobacterium and
Clostridium and restoring intestinal microflora homeostasis.”’

The use of antibiotics also destroys the stability of the intestinal microbiota and causes disease development.
Increased incidence of diabetes in NOD mice treated with vancomycin or neomycin. Thus, increased incidence of
diabetes and antibiotic-induced diabetes is related to microbial ecological imbalance, as well as a decrease in the
abundance of protective bacteria and SCFA biosynthesis.”” Indeed, early use of antibiotics in NOD mice can alter the
intestinal microbiota and its metabolic ability, as well as intestinal gene expression and T cell population, thus
accelerating TIDM pathogenesis.”

In addition, the use of antibiotics during pregnancy impacts offspring. For instance, following administration of
neomycin or vancomycin to pregnant NOD mice, the offspring of the neomycin-treated group were protected from
T1DM development and exhibited immune tolerance via APCs, which had reduced specific self-antigen presentation
function. In contrast, the incidence of diabetes in the offspring of the vancomycin-treated group was increased with more
diabetes-causing T cells detected in the lymphoid organs.”* Moreover, treatment of NOD pregnant mice with vancomycin
caused a decrease in the number of IL-17-producing cells in the lamina propria of the ileum in the offspring.”® These
results indicate that antibiotics should be used with caution, not only in childhood but also during pregnancy.

Collectively, these results suggest that, owing to the varying impact elicited by different antibiotics, multiple factors
must be taken into account when selecting an appropriate drug, including the risk to the specific patient for developing
T1DM. This is particularly pertinent for pregnant persons or infants. However, further investigations, regarding which
microorganisms negatively impact TIDM progression and development, as well as the impacts of each antibiotic on
eliminating this harmful intestinal microbiota, are required.

Breast Milk

The early development of intestinal microbiota includes three stages: the first 3—14 months following delivery, is termed the
development period; 15-30 months is the transition period; >31 months is the stable period, in which breastfeeding has the
greatest influence on the microflora.’® Studies have shown that breast milk contains many active ingredients, including
bacteria, antimicrobial peptides, antibodies, immune cells, and breast milk oligosaccharides.g7 Among them, breast milk
oligosaccharides can increase the abundance of beneficial Bifidobacterium and Lactobacillus in the intestine of an infant’®
and can be used as bait receptors to bind to pathogenic bacteria, thus preventing pathogens from adhering to intestinal
epithelial cells; breast milk oligosaccharides can regulate the expression of mucins and polysaccharides, exert immuno-
modulatory effects through Toll receptors,” and reduce intestinal permeability.'®® Notably, Bifidobacterium longum subsp.
Infantis, which contain the human milk oligosaccharide-producing gene, only exist in breast-fed infants;'®' Breast milk
antibodies also influence the colonization and development of the intestinal microbiota and can help neonates develop
immune tolerance and limit their immune response against the microbiota. SIgA can also maintain homeostasis within the
intestinal microbiota.'®* The one-carbon metabolite betaine in breast milk is also linked to the long-term metabolic health of
the infant.'®® Indeed, breastfeeding improves the survival and health of newborns while reducing the risk of infection and
various developmental disorders.'®* Given that breast milk can affect the composition of the gut microbiota, researchers
have raised the question of whether breast milk positively impacts T1DM occurrence.

Epidemiological studies have shown that exclusive breastfeeding has a protective effect against TIDM onset;
however, this association is weak.'®> Nevertheless, the TIDM risk decrease with increased feeding time.'*
Furthermore, breastfeeding prevents the occurrence of TIDM in NOD mice, helps avoid changes in the intestinal
microbiota, reduces intestinal bacterial translocation in Peyer’s patch and pancreas through the microbial network, and
protects DCs in the spleen. Specifically, it promotes the recruitment of DCs in the spleen by altering the abundance of
Barnesiella, fecal B. fragilis, and B. vulgatus in Peyer’s patch.'®” However, the precise active ingredients associated with
these effects require further investigation. Breast milk oligosaccharide is currently the most studied active ingredient in
breast milk. When NOD mice were given an oligosaccharide diet at the age of 4-10 weeks, inflammation of the pancreas
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was alleviated, and TIDM development was significantly delayed at 30 weeks of age, compared to those of the control
group. This useful function may be achieved by beneficially altering the composition, and metabolism, of the intestinal
microbiota, potentially by increasing the abundance of Akkermansia and Lachnospiraceae (a member of Clostridium
cluster XIVa), which can degrade the mucin in the intestine and produce butyrate. Thus, intestinal immune abnormalities
are regulated, and intestinal integrity is maintained.'®® Furthermore, exclusive breastfeeding and prolonged breastfeeding
(>6-12 months) can reduce the risk of TIDM in children,'® while also reducing the risk of developing diabetes in

mothers.'!?

Stem Cells

In the last two decades, adult stem cells, including hematopoietic stem cells, amniotic epithelial cells and mesenchymal
stem cells (MSCs), especially MSCs, have been widely used in the treatment of TIDM.'''"''3 MSCs-based therapy is
considered as a promising new approach for the treatment of T1DM by reconstitution of immunotolerance and preservation
of islet B-cell function. For example, intravenous infusion of MSCs primarily concentrates in the pancreas,''* which not
only improves the pancreatic microenvironment and promotes the survival and regeneration of § cells but also regulates the
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pancreatic immune environment.- ~ MSCs can also differentiate into insulin-secreting cells, which are superior to MSCs in

terms of lowering blood glucose and improving B-cell regeneration.''® Moreover, exosomes secreted by MSCs exert
therapeutic effects.''”'"”

The MSCs mechanism of action is multifaceted. In an inflammatory state, MSCs can create a microenvironment with
balanced inflammation and regeneration factors in damaged tissues.'?® They are also involved in maintaining the balance
of the intestinal microbiota.'*''?* In fact, a recent study report that intestinal microbes are related to the efficacy of stem
cell transplantation in TIDM treatment.** This study found that the intestinal microflora of NOD mice can resist the
therapeutic effect of adipose-derived stem cells, while the use of antibiotics can improve the curative effect of stem cells
by altering the intestinal microbiota. Among them, the most influential microorganisms, after the use of antibiotics, is
Bifidobacterium, the abundance of which increases. Bifidobacterium stimulates the production of mucin 2 and increases
the thickness of colon mucus by enhancing the expression of TRPM7, thereby reducing gut bacterial translocation to the
pancreas.”” Thus, high Bifidobacterium abundance is a protective factor against diabetes.'>> The authors further demon-
strated that intestinal microbiome imbalance in NOD mice impacts the efficacy of stem cell therapy. However, the mice
in this study were killed one week after the last transplantation, which raises the question of whether stem cell treatment
can alter the intestinal microbiota? Additionally, is a treatment time of one week sufficient for stem cells to exert
therapeutic effects? In addition, fecal microbes only represent the microflora at the end of the colon;'** thus, it remains to
be determined whether stem cells influence the full intestinal microbiota.

The success of animal experiments has allowed the use of stem cells in clinical trials. Most experiments choose
autologous stem cells for transplantation, which largely avoids transplant rejection, while also offering superior
therapeutic effects compared to those of allogeneic stem cell infusion.'*® A clinical trial reported autologous bone
marrow MSCs transplantation in five patients with TIDM. After three months, insulin usage and glycosylated hemoglo-
bin content decreased, while leptin levers increased,'?® indicating that MSC transplantation has high curative efficacy;
however, this treatment regimen requires patients to continue insulin injections. Moreover, the transplantation is unlikely
to be effective at all times.

Numerous studies have investigated intestinal microorganisms as predictive markers of disease occurrence and
relapse. Thus, identification of intestinal microbial markers of disease recurrence or deterioration following stem cell
transplantation may provide indications for when subsequent transplants are required.

Immunotherapy
Considering that TIDM is an autoimmune disease, many studies have examined the effects of various immunotherapies,

all of which employ different mechanisms for controlling TIDM. For instance, antigen-specific therapy establishes
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immune tolerance by injecting insulin. ©* Meanwhile, immunosuppressive agents can inhibit the proliferation of cells

associated with proinflammatory immune response. Additionally, Tregs can be amplified either in vitro and subsequently

injected back into the organism, or in vivo via specific stimulation.'*®
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Many immunotherapy clinical trials have been undertaken; however, the results have not been significant.'*> The
intestinal microbiota composition significantly impacts immunotherapy efficacy. For example, when infliximab was used
to treat children with Crohn’s disease, it enriched the SCFA production and bile salt hydrolase-producing bacteria,
thereby inhibiting inflammation and restoring bile acid metabolism in children.'** The therapeutic effect of CD47
monoclonal antibody for the treatment of tumors is also affected by the composition of the intratumoral microbiota of
mice. Specifically, enrichment of Bifidobacterium in the tumor can promote the response of tumor-bearing mice to CD47
monoclonal antibody."*' This indicates that the presence of specific microorganisms may optimize the effect of
immunotherapy.

Tregs, a type of regulatory T cell, are functionally deficient in patients with TIDM and may be the cause of impaired
immune tolerance;'*? therefore, restoring the function of Tregs or stimulating their production in vivo is one of the
primary strategies for the prevention and treatment of TIDM. Heligmosomoides polygyrus (HP) infection can prevent the
occurrence of TIDM in STZ-induced diabetic mice and NOD mice. These observations are related to the effect of
trehalose on the intestinal microbiota after HP infection, which increases the abundance of Ruminococcus that can induce
suppressive CD8" Treg cells in vivo.'*® Hence, induction of Tregs expansion may affect the intestinal microbiota, and
Tregs can be induced by altering the microbiota. The anti-CD3 monoclonal antibody can increase the number of
intestinal Trl by changing the intestinal microbiota, while Trl can migrate to the periphery to inhibit the occurrence
of TIDM."** Moreover, the cecal microbiota of diabetic mice was unbalanced, in which the Bacteroidetes/Firmicutes
ratio increases. Following IgM treatment, the cecal microbiota returned to normal state, hyperglycemia was improved,
and insulin autoantibody content was reduced. Notably, transplantation of the cecal microbiota from IgM-treated mice
showed similar therapeutic effects, suggesting that IgM treatment may exert therapeutic effects by altering the
microbiota.'*> Thus, immunotherapy may change the composition of the intestinal microbiota, and it is necessary to
consider whether intestinal microbiota is the cause of the observed low success rate of immunotherapy clinical trials.

Conclusions

Millions of years of coevolution have enabled intestinal microbes to symbiotically exist in the human body, to the extent
that alteration of the intestinal microbiota will initiate an immune response or cause the occurrence/aggravation of
various diseases. Although numerous studies have demonstrated that intestinal microorganisms, and their metabolites, are
involved in the pathogenesis of TIDM, and can be used as biomarkers, targets, and/or therapeutic agents for TIDM, the
causal relationship between the gut microorganisms and T1DM requires further investigation. Moreover, research on the
role of known or unknown intestinal microbial genera/species on TIDM development or progression remains in its
infancy. In particular, the precise causes of changes in the intestinal microbiota composition, in the context of TIDM, as
well as the corresponding function and mechanism of the differential intestinal microorganisms and their metabolites,
remain unclear. Moreover, many of the reported clinical trials have small sample sizes, lack reproducibility, and are
cross-sectional without longitudinal comparison. Moreover, most studies have used stool samples to detect and char-
acterize the intestinal microbiota; however, fecal microorganisms only represent the microbial community of the terminal
colon, whereas each intestinal segment contains unique microorganism communities. Nevertheless, the research to-date
has demonstrated a clear relationship between intestinal microorganisms, and their metabolites, and the occurrence and
development of TIDM. Thus, the intestinal microbiota almost certainly represents a promising target for TIDM
preventatives and therapeutics; however, numerous unresolved concerns, as described herein, require further in-depth
investigation.
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