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Abstract: The gut-islets axis is an important endocrine signaling axis that regulates the function of islets by modulating the gut micro-
environment and its endocrine metabolism. The discovery of intestinal hormones, such as GLP-1 and GIP, has established
a preliminary link between the gut and the islet, paving the way for the development of GLP-1 receptor agonists based on the
regulation theory of the gut-islets axis for diabetes treatment. This discovery has created a new paradigm for diabetes management and
rapidly made the regulation theory of the gut-islets axis a focal point of research attention. Recent years, with in-depth study on gut
microbiota and the discovery of intestinal-derived extracellular vesicles, the concept of gut endocrine and the regulation theory of the
gut-islets axis have been further expanded and updated, offering tremendous research opportunities. The gut-islets axis refers to the
complex interplay between the gut and the islet, which plays a crucial role in regulating glucose homeostasis and maintaining
metabolic health. The axis involves various components, including gut microbiota, intestinal hormones, amino acids and ACE2, which
contribute to the communication and coordination between the gut and the islet.

Keywords: islets  cell, diabetes, GLP-1, gut microbiota, ACE2

Introduction

As one of the largest organs in the human body, the intestine has always attracted significant attention, and in recent years,
more and more research has focused on the gut microbiota. Apart from its digestive function, the diversity of gut microbiota
and gut endocrine function provided new directions for the pathophysiological research of various diseases, such as diabetes.
The pancreas, adjacent to the intestine, not only has anatomical connections with the gut but also possesses exocrine functions
for the secretion of pancreatic juice. Additionally, its endocrine function is equally crucial. Regardless of type 1 or type 2
diabetes(T2DM), the deterioration of islets B-cell function is an important factor in the progression of diabetes that cannot be
ignored. Therefore, the preservation of pancreatic B-cell function has always been a key topic in diabetes prevention and
treatment. Research has found that endocrine cells in the digestive system have a unique role in regulating islets function.
Hormones secreted by intestinal L cells, such as GLP-1, and by K cells, such as GIP, can exert incretin effects on the islets."
Their presence can enhance glucose-stimulated insulin secretion in islets f-cells. Moreover, studies have shown that the islets
and intestinal endocrine cells may share common transcriptional signals and regulatory programs, implying their homogeneity
and providing a basis for the reprogramming of gastrointestinal organs into insulin-secreting cells.”

As a key component of the digestive tract, the intestine exhibits complex structural and physiological characteristics that are
critical for efficient nutrient absorption and maintenance of overall intestinal homeostasis. The intestine consists of two main
parts: the small intestine and the large intestine. The small intestine, which includes the duodenum, jejunum, and ileum, has
a highly specialized structure characterized by finger-like projections called villi, which are covered with microvilli collectively
known as the brush border. This refined surface area expansion mechanism helps enhance nutrient absorption. In addition, the
barrier structure of the intestine can also prevent the intrusion of harmful substances.” The large intestine, which consists of the
colon and rectum, serves primarily to absorb water and electrolytes from undigested residues. In addition, the large intestine is
home to a diverse and beneficial intestinal microbiota that aids in the fermentation process and the synthesis of certain vitamins.
The symbiotic relationship between the host and intestinal microbes is critical for immune regulation, metabolism, and overall
intestinal health.” In addition to its exocrine function, research on the endocrine function of the gastrointestinal tract has been
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gradually elucidated in recent years. For example, K cells in the small intestine secrete glucagon-dependent insulin secretagogue
(GIP) and glucagon-like peptide 1 (GLP-1), both of which have regulatory effects on pancreatic islets.” L cells in the colon can
secrete GLP-1, which also affects pancreatic islet function. These findings further expand our understanding of the functional
complexity of the gastrointestinal tract and provide new insights into the regulatory relationship between the gut and pancreatic
islets. Overall, the delicate structure and physiology of the intestine are carefully tuned to optimize nutrient absorption, regulate
digestion, maintain water and electrolyte balance, and support symbiotic interactions between the host and intestinal microbes,
thus ensuring the integrity of the gastrointestinal system. and functionality. The integrity of the structure and function of the
gastrointestinal system is also the basis for maintaining the body’s metabolic balance.

Pancreatic islets occupy about 1% of the pancreas, and although the proportion is small, they account for 15-20% of the
organ’s blood flow.® Pancreatic islets are composed of different types of cells, and endocrine cells include alpha cells, beta cells,
delta cells, gamma cells, and epsilon cells, each with unique functions. The main function of pancreatic islets is to regulate blood
sugar levels and maintain metabolic balance in the body. Beta cells are the most important cell type in the pancreatic islets,
responsible for the synthesis and secretion of insulin, a hormone critical for glucose metabolism and absorption. In contrast, alpha
cells produce glucagon, which acts in opposition to insulin and regulates glucose release from the liver.” Delta cells secrete
somatostatin, which inhibits the release of insulin and glucagon.® Non-endocrine cells may also play an important role in islet
homeostasis, such as endothelial cells that maintain the islet capillary network, as well as neural and immune cells that may help
coordinate insulin secretion and responses to other stimuli.® These non-endocrine cells may ensure precise regulation of blood
glucose levels and maintain overall metabolic balance by transporting nutrients and soluble factors or providing signals that affect
the health and function of islet cells.” The importance of pancreatic islets lies in their critical regulatory role in maintaining normal
blood glucose levels and energy metabolism in the body. Although the precise regulation of islet function is still not fully
understood, the introduction of the concept of the gut-islet axis undoubtedly provides new insights into the regulation of islet
function.

In recent years, with the emergence of drugs like GLP-1 receptor agonists, the connection between the intestine and
the islets has once again been closely linked. We refer to the important endocrine signaling axis that involves the
reciprocal regulation of gut microbiota, gut endocrine metabolism, and islets function as the gut-islets axis. This review
introduces several aspects of the interaction between the intestine and the islets, including the effects of intestinal
endocrine hormones on the islets, the effects of gut microbiota on the islets, and the effects of intestinal amino acids on
the islets. This provides new insights for exploring strategies to protect islets B-cell function and offers theoretical value
and research prospects in exploring new pathways and intervention targets for gut-islets regulation.

The Intestine and the Islets

The Intestine

The intestine, as a critical component of the gastrointestinal tract, exhibits a complex structure and physiology essential
for efficient nutrient absorption and maintaining overall gut homeostasis. It consists of two major divisions: the small
intestine and the large intestine. The small intestine, comprising the duodenum, jejunum, and ileum, exhibits a highly
specialized architecture characterized by finger-like projections called villi, lined with microvilli, collectively known as
the brush border. This elaborate surface area amplification allows for enhanced nutrient absorption. The barrier structure
of the intestine also prevents the invasion of harmful substances.

The large intestine, comprising the colon and rectum, primarily serves as a site for water and electrolyte absorption
from undigested residues. Additionally, the large intestine harbors a diverse population of beneficial gut microbiota,
contributing to fermentation processes and the synthesis of certain vitamins. This symbiotic relationship between the host
and gut microbiota is vital for immune regulation, metabolism, and overall intestinal health.

In addition to its exocrine function, the endocrine role of the gastrointestinal tract has been increasingly elucidated in
recent years. For instance, K cells in the small intestine secrete GIP and GLP1, which act on the pancreatic islets. L cells
located in the colon can secrete GLP1 that also acts on the pancreatic islets. These research findings have further
expanded our understanding of the functional complexity of the gastrointestinal tract and provided new insights into the
regulatory relationship between the intestine and the pancreatic islets.
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Overall, the intricate structure and physiology of the intestine are finely tuned to optimize nutrient absorption, regulate
digestion, maintain water and electrolyte balance, and support the mutualistic interaction between the host and gut
microbiota, thereby ensuring the integrity and functionality of the gastrointestinal system. The integrity of the structure
and function of the gastrointestinal system is also fundamental to maintaining metabolic homeostasis in the body.

The Islets

Islets, constituting approximately 1% of the pancreas, play a crucial role despite their small proportion, requiring 15-20% of the
organ’s blood flow.' Islets are composed of different cell types, with the endocrine cells including a cells, B cells, d cells, v cells,
and ¢ cells, each having distinct functions. The main function of islets is to regulate blood glucose levels and maintain metabolic
balance within the body. f3 cells, the most important cell type in the islets, are responsible for synthesizing and secreting insulin,
a hormone essential for glucose metabolism and absorption. In contrast, a cells produce glucagon, which opposes the actions of
insulin and regulates the release of glucose from the liver.  cells secrete somatostatin, which inhibits the release of both insulin
and glucagon.® Non-endocrine cells may also play a significant role in islet homeostasis, such as the endothelial cells that
maintain the islet capillary network, as well as neuronal and immune cells that potentially contribute to coordinating insulin
secretion and other stimulus responses. These non-endocrine cells likely regulate islet homeostasis by transporting nutrients and
soluble factors or providing signals that influence the health and function of islet cells, ensuring precise regulation of blood
glucose levels and maintaining overall metabolic balance.”'' The importance of islets lies in their critical regulatory role in
maintaining normal blood glucose levels and energy metabolism within the body, although the precise regulation of islet function
remains incompletely understood. The introduction of the concept of the gut-islets axis undoubtedly provides new insights into
the regulation of islets function.

Intestinal Endocrine Hormones
GLP-1 and Islets 3 Cells
GLP-1 is secreted from intestinal endocrine L cells. The most significant effect of GLP-1 on islets § cells is to enhance
glucose-dependent stimulation of insulin secretion. This effect is primarily mediated by the activation of PKA and Epac after
GLP-1R activation on islets p cells.'? Furthermore, GLP-1 can regulate the proliferation, apoptosis, and differentiation of p
cells, thereby improving their function. Even under conditions of hyperglycemia, hyperlipidemia, inflammatory cytokines and
oxidative stress, GLP-1 can promote the survival of B cells.'® Emerging evidence from multiple research groups utilizing
diverse rodent and cellular models indicates that GLP-1R agonists have the potential to modulate § cell mass by attenuating 3
cell apoptosis. Similarly, the GLP-1R agonist liraglutide has demonstrated the ability to decrease apoptosis rate and enhance
the viability of transplanted islets.'* Additionally, both GLP-1 and GIP, individually and in combination, have been found to
increase the expression of insulin, Bcl-2, and Pdx-1 genes in human islets. 15,16 Moreover, activation of the GLP-1R exerts anti-
inflammatory effects in human islets., as evidenced by the suppression of chemokine and cytokine expression, possibly
through the downregulation of STAT-1 expression in response to the GLP-1R agonist Exendin-4.'"'®

GLP-1 regulates B-cell mass not only by inhibiting apoptosis but also by controlling -cell proliferation. Research
investigations have identified the indispensable role of Skp2 (S phase kinase-associated protein 2) as a crucial downstream
mediator required for the proliferative actions of GLP-1 in B-cells. Treatment with exendin-4 for 7 days in 8-week-old Skp2-/-
mice resulted in a 2.5-fold increase in B-cell mass and a 7.2-fold increase in Ki67+ B-cells in control + mice, whereas no such
effects were observed in Skp2-/- mice. Histochemical analysis revealed reduced B-cell p27 expression. Furthermore,
administration of exendin-4 to 4-week-old db/db mice for a duration of 7 days resulted in heightened B-cell proliferation.
This effect was accompanied by a reduction in the expression of the cell cycle inhibitor p27 and an elevation in Skp2
expression within the B-cells.'*~° Similarly, exendin-4 administering treatment for two weeks to 6-week-old prediabetic mice
prevented the progression to severe diabetes. As a consequence of this treatment, there was an enlargement in the mass of the
islets, a promotion of B-cell proliferation, and enhancements in glucose tolerance and insulin secretion.?'

GLP-1 and Islets a Cells
The most well-known effect of GLP-1 on a cells is the inhibition of glucagon secretion. Nevertheless, two questions
remain regarding GLP-1 and islet a cells: a) how GLP-1 suppresses glucagon secretion from a cells, and b) how and
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under what circumstances do islet o cells begin to produce genuine bioactive GLP-1? According to classical concepts,
uninjured a cells within a healthy pancreas do not typically produce GLP-1. However, multiple reports suggest that islet
injury, metabolic stress, exposure to cytokines, or pancreatic and/or islet injury or inflammation can induce the expression
of the PC1/3 gene and the production of GLP-1 in a cells.***

How does GLP-1 inhibit glucagon secretion? Although direct inhibition of GLP-1Rs expressed and functional in
individual o cells might seem like an obvious mechanism, studies have shown low expression of the GLP-1r on o cells.”
Therefore, the available data suggests that the effects of GLP-1 in inhibiting glucagon secretion are likely indirect. These
indirect mechanisms may involve the central nervous system (CNS), the B cell, the d cell, or other additional pathways.
Furthermore, GLP-1 has the potential to increase P cell regeneration by promoting a-to-f cell transdifferentiation,

although this effect is likely observed only in cases of extreme f cell exhaustion.*®?’

Gip
GIP is released from K cells in the intestinal epithelium and exhibits robust incretin activity in both rodents and human subjects.
Unlike GLP-1, which exhibits various non-incretin effects in the regulation of blood glucose, GIP primarily stimulates insulin
secretion in a glucose-dependent manner. Additionally, GIP acts on P cells to stimulate B-cell proliferation and exert an anti-
apoptotic effect to preserve B-cell mass.”® Another important difference between GIP and GLP-1 is that GIP stimulates glucagon
secretion from a cells.”” The number of GIP receptors (GIPR) on o and P cells is similar, and studies have shown that glucagon
secreted by GIP-stimulated a cells can enhance insulin secretion by B cells beyond direct GIPR activation in f cells alone.™
GLP-1 and GIP are well-studied incretins with known insulin-stimulating properties. While these properties have been
identified many years ago, new functions of incretins continue to be discovered. Simultaneously, the development and application
of drugs such as GLP-1R agonists and GLP-1/GIP dual receptor agonists will provide fresh insights into the theory of the gut-
islets axis.

Gut Metabolites and Microbiota
Gut Metabolites
Following a nutrient-rich meal, islets B cells intricately integrate a multitude of external signals to meticulously modulate the
release of insulin, thus precisely orchestrating the regulation of blood glucose levels in accordance with the metabolic
requirements. Among these signaling molecules, amino acids assume paramount significance as pivotal stimulatory agents for
insulin secretion. Notably, amino acids exert their profound influence by effectively stimulating islets 3 cells to promptly
secrete insulin in response to fluctuations in blood glucose concentrations. In addition, some amino acids, especially branched-
chain amino acids (BCAAs), have been shown to contribute to the pathogenesis of insulin resistance and T2DM by inhibiting
insulin signaling and promoting inflammation. BCAAs are essential amino acids, including leucine, isoleucine, and valine,
that possess the ability to directly stimulate insulin secretion in pancreatic beta cells. Currently, the exclusive source of BCAAs
is through dietary intake, followed by subsequent absorption in the intestines. It’s reported that circulating BCAAs levels rise
about 23 fold after a meal.*' Low-dose BCAAs therapy has been shown to significantly improve the expression of important
transcription factors such as pdx1, a marker for islets f cells, in diabetic rats. This therapy also inhibits the elevation of plasma
glucose levels in diabetic rats by increasing circulating insulin levels.*> However, sustained elevation of circulating BCAAs
levels is associated with insulin resistance. Studies have seen plasma BCAAs elevations as the strongest predictor for
developing diabetes in the next ten years or more.>*** And when infused BCAAs into the circulation, healthy volunteers
are found impairment in glucose disposal.*® Similarly, adding BCAAs to a high-fat diet worsens glucose tolerance in rodent
models,?' while BCAAs-deficient diets can intervene in the progression of type 2 diabetes in db/db mice.*® Overall, these data
suggest a close association between BCAAs and the development of insulin resistance. Insulin resistance itself may lead to
elevated levels of BCAAs. Although the mechanisms behind this relationship are not yet clear, it can be anticipated that an
excessive amount of BCAAs and insulin resistance may form a vicious cycle, metabolic disorders can act as both driving
factors impairing functionality and as outcomes of impaired functionality.

Mice fed phenylalanine-rich chow or phenylalanine-producing aspartame or overexpressing human phenylalanyl-
tRNA synthetase develop insulin resistance and T2DM symptoms. In addition, providing mice with a phenylalanine-rich
diet or administering aspartame, which generates phenylalanine, leads to the inactivation of insulin receptor B and
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impairs insulin-stimulated glucose uptake, resulting in insulin resistance and symptoms of T2DM in mice;*’ Tyrosine can
cause abnormal glucose tolerance by altering B cell insulin secretion;*® Following weight-loss surgery, levels of intestinal
glycine, histidine, glutamate, and glutamine are significantly increased and associated with improved [ cell function and
metabolism;>’ Glutamate improves glucose metabolism by enhancing incretin-induced insulin secretion.*>*' In summary,
amino acids play a crucial role in the gut-islets axis by directly and indirectly influencing the secretion and action of
intestinal endocrine hormones and insulin, thereby regulating blood glucose levels and energy metabolism.

Gut Microbiota

The microorganisms residing in the human gut play a crucial role in host metabolism. The gut microbiota comprises not
only bacteria but also viruses, bacteriophages, yeast, and fungi, among others, forming a symbiotic relationship with the
host.** Imbalance in the gut microbiota can lead to various metabolic disorders such as metabolic syndrome, type 2
diabetes mellitus (T2DM), and gestational diabetes mellitus (GDM).***** Mechanistically, the interaction between the gut
microbiota and islets function has been demonstrated to be mediated by multiple factors, including the regulation of
insulin secretion and insulin sensitivity, the modulation of intestinal endocrine hormones, and the influence of microbial-
derived components. In a cross-over, randomized double-blind placebo-controlled trial, supplementing with
Bifidobacterium can simultaneously improve both fasting and postprandial insulin sensitivity of the volunteers.*’
Butyrate-producing bacteria, such as F. prausnitzii, have appeared to alleviate insulin resistance by inducing GLP-1
secretion from the enteroendocrine L cells.*® The bile salt hydrolases produced by Bifidobacterium and Lactobacillus is
able to convert primary conjugated bile salts into deconjugated bile acids which subsequently induce the production of
GLP-1.*" Moreover, metabolites produced by microbial fermentation of fibers induced the production of the endogenous
peptides GLP-1 and GLP-2.***® In addition, gut microbiota can affect intestinal amino acid absorption and metabolism
through various pathways, thereby influencing islets function. Prevotella copri and Bacteroides vulgatus have been
identified as the key species responsible for the correlation between the biosynthesis of branched-chain amino acids,
insulin resistance, and glucose intolerance.*’ However, the effects of gut microbiota on islets function are mostly indirect,
mediated through gut hormones and metabolites. The improvement of insulin resistance in target organs, such as the
liver, skeletal muscle, and adipose tissue, is mainly observed. Further research is needed to understand the direct
regulation of islets cells by gut microbiota. Recent studies have opened up new perspectives on the gut-islets axis. It
has been discovered that extracellular vesicles derived from gut microbiota can transfer microbial DNA to islets B cell,
leading to islets inflammation and p cell damage.’® Under normal conditions, islets Vsigd+ macrophages can prevent the
infiltration of gut microbiota and its derivatives into the host circulation and distant organs through a mechanism
mediated by complement protein C3. However, in obese individuals with chronic low-grade inflammation, there is
a significant reduction in the number of Vsigd+ macrophages, leading to intestinal barrier impairment. As a result, gut
microbiota-derived extracellular vesicles spread and microbial DNA accumulates in 3 cells of obese mice, exacerbating
islet inflammation and triggering more severe metabolic syndrome. This suggests that in addition to regulating gut-
derived incretins like GIP and GLP-1 on the islets, gut microbiota can also secrete extracellular vesicles for long-distance
transmission to the islets. These vesicles contain bioactive substances that regulate the function of islets a and B cells.

Ace?

The classical understanding of ACE2 primarily revolves around its role as a crucial component of the ACE2/Ang1-7/Mas
axis, which antagonizes the ACE signaling pathway in the renin-angiotensin system(RAS). It has garnered significant
attention due to its dual action of reducing the levels of angiotensin II (Ang II) and counteracting the effects of Ang II,
resembling the inhibitory effects of RAS inhibitors such as ACE inhibitors (ACEI) and ARB.”' Recent studies have
revealed the presence of a complete set of ACE2/Angl-7/Mas axis components within islets, indicating its role in local
regulation. ACE2 exerts beneficial effects in islets by improving islet microcirculation and preserving endothelial cell
function through its interaction with the Mas receptor. Additionally, it inhibits oxidative stress and inflammatory
responses, reduces the dedifferentiation of islets B cells under metabolic stress, positively regulates the function and
differentiation state of B cells, and promotes B cell proliferation.””>* Moreover, ACE2 is widely distributed in the
intestine, with the highest expression observed in the small intestine. It plays beneficial roles such as anti-inflammatory
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effects, immune regulation, and maintenance of intestinal barrier function, contributing to the homeostasis of the
intestinal environment. Viral infections and inflammatory conditions significantly decrease the expression of ACE2 in
the intestines, inhibiting its protective function, compromising intestinal barrier function, and increasing susceptibility to
inflammation.>”>>® Recent research from our research group has confirmed that ACE2 serves as a membrane structural
ligand for amino acid transport.”’ It is involved in the regulation of islets function by modulating the transport and
absorption of amino acids in the upstream of the intestine. This suggests that ACE2 may regulate islets cell function
through both local islets regulation and the gut-islets axis. This also suggests that there may be new regulatory pathways
and mechanisms in the gut-islets axis, specifically mediated by gut-derived extracellular vesicles, to modulate the
function of distant islets. This will provide a new bridge for communication between the gut and the islets, serving as
a novel pathway for regulating the gut-islets axis and injecting new meaning into the theory of gut-islets axis regulation.

Conclusion
Recent years, an increasing number of studies have discovered the significant role of the gut-islets axis in the pathogenesis of
metabolic and digestive system disorders such as diabetes, obesity, and inflammatory bowel disease. Therefore, investigating
the mechanisms and regulatory pathways of the gut-islets axis is of great significance for the prevention and treatment of these
diseases. The proposal of the gut-islets axis undoubtedly enhances people’s understanding of the close connection and
interaction between the intestine and islets, as well as the role of gut microbiota in the regulation of islets function(Figure 1).
Research on the gut-islets axis has delved into the micro level, revealing the correlation between factors such as gut
microbiota, enteroendocrine hormones, and amino acids with islets function. These intestinal-derived molecules affect
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Figure | (O ACE2 forms a dimeric complex with the neutral amino acid transporter BOAT| to regulate the transport of tryptophan in intestinal epithelial cells. Amino acids
such as tryptophan, in turn, acts on the intestine to promote the secretion of intestinal endocrine hormones. In addition, circulating tryptophan reaches the islets, where it
plays a role in regulating the function, proliferation, and differentiation of B cells. Moreover, tryptophan indirectly affects B cell function by acting on a cells. @ Intestinal
microbiota plays a dual role in the regulation of amino acid absorption and metabolism. On one hand, it can directly impact these processes. On the other hand, the
microbiota-derived products, such as exosomes and endotoxins, can act on the intestine and islets, directly or indirectly participating in the regulation of the gut-islets axis.
(® ACE2 catalyzes and inhibits the effects of Angiotensin Il (Angll), producing Ang|-7, which acts on the Mas receptor to form the local ACE2/Ang|-7/MasR axis in the islets.
This activation reduces the dedifferentiation of B cells under metabolic stress conditions and improves their function.
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the proliferation and apoptosis of pancreatic tissue cells through direct or indirect pathways and produce a moderately
ameliorating effect on the differentiation and proliferative survival of pancreatic islet B-cells. In the same time, there
exists a partial synergy between these molecules, which in turn comprehensively and accurately regulates the prolifera-
tion and endocrine functionality of pancreatic islet tissues. These research findings are of great significance for
addressing intestinal and metabolic diseases, especially in the treatment and prevention of conditions like diabetes.
Future research needs to deeply analyze the molecular mechanisms of the “gut-islet axis”, including hormone signaling,
microbial-mediated effects, immune regulation, etc. This will help to more comprehensively understand and improve the
regulatory network of the “gut-islet axis”. Secondly, treatment methods based on the “gut-islet axis” theory also need to
focus on. An in-depth understanding of the role of the “gut-islet axis” can provide new directions for nutritional
intervention. By adjusting dietary structure and nutrient intake, it may help maintain the balance of the “gut-islet axis”
and prevent the occurrence of metabolic diseases. At the same time, an in-depth understanding of the “gut-islet axis” may
provide new targets for the treatment of metabolic diseases such as diabetes and obesity. The development of drugs that
can regulate the “gut-islet axis” may become part of future treatment strategies, combined with continuous Updated gene
regulation technology and nanobiological means, various treatment methods and intervention methods derived from the
“gut-islet axis” will also provide effective guarantees for the prevention, diagnosis and treatment of various related
discases. Research on the “gut-islet axis” should not ignore the existence of individual differences. Future research
should pay more attention to individualized treatment to develop more precise treatment plans based on individual
microbial composition, genetic background and other factors. Overall, the study of the “gut-islet axis” provides us with
a more comprehensive and complex perspective on the regulation of islet function. Future research will continue to delve
deeper into this field to provide new ideas and strategies into the treatment and prevention of metabolic diseases.
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