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Abstract
Diabetes mellitus (DM) is a complicated, globally expanding disease that is influenced by hereditary and environmental variables. Changes in modern society's food choices, physical inactivity, and obesity are significant factors in the development of type 2 DM (T2DM). The association between changes in intestinal flora and numerous disorders, including obesity, diabetes, and cardiovascular diseases, has been studied in recent years. The purpose of this review is to analyze the mechanisms underlying the alteration of the diabetic patients' intestinal flora, as well as their therapeutic choices. Also included is a summary of the anti-diabetic benefits of natural compounds demonstrated by studies. The short-chain fatty acids theory, the bile acid theory, and the endotoxin theory are all potential methods by which intestinal flora contributes to the establishment and progression of T2DM. Due to an intestinal flora imbalance, abnormalities in short-chain fatty acids and secondary bile acids have been found in diabetic patients. Additionally, metabolic endotoxemia with altering flora induces a systemic inflammatory response by stimulating the immune system via bacterial translocation. The agenda for diabetes treatment includes the use of short-chain fatty acids, probiotics, prebiotics in the diet, fecal bacteria transplantation, and antibiotics. Animal studies have proven the antidiabetic benefits of numerous bioactive substances, including Flavonoids, Alkaloids, Saponin, and Allicin. However, further research is required to contribute to the treatment of diabetes.
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Core Tip: It is thought that intestinal flora may have a role in the development of type 2 diabetes mellitus. This has been demonstrated in the treatment of type 2 diabetes mellitus and that the course of the disease might differ depending on the medications used for intestinal flora imbalance.

INTRODUCTION
Excess salt, sugar, and fat consumption in the diet, combined with a sedentary lifestyle, contribute to an increase in chronic diseases such as obesity and diabetes in modern society. Hyperglycemia is a hallmark of diabetes, a chronic metabolic condition characterized by elevated blood sugar levels. Long-term hyperglycemia can cause problems in numerous organs, including multiorgan failure and death[1]. Type 2 diabetes mellitus (T2DM) is characterized by insulin resistance and concomitant hyperglycemia in insulin-sensitive tissues such as adipose tissue and skeletal muscle. Obesity is frequently associated with insulin resistance[2]. T2DM accounts for more than 90% of all diabetes patients. Given that T2DM is a significant public health issue and economic burden, it is critical to research methods for its prevention and treatment[3]. Recent research has shown that, in addition to other etiological factors, intestinal flora disruption can lead to diabetes by affecting intestinal permeability, inflammation, the immune system, and energy metabolism. However, the mechanisms associated with T2DM are still not fully understood. In this review, we will summarize the probable mechanisms of intestinal flora that play a role in the formation and progression of T2DM, as well as treatment methods and natural products that may be effective. 

INTESTINAL FLORA
The intestinal flora has been recognized as a novel organ constituted of 500-1000 species and 1014 bacteria. This is equivalent to tenfold the number of human cells. The normal intestinal flora contains six classes of bacteria, all of which are anaerobic bacteria: Firmicutes (Lactobacillus, Enterococcus, Clostridium), Bacteroidetes, Proteobacteria (Enterobacteria), Actinobacteria (Bifidobacterium), Fusobacteria, and Verrucomicrobia are some examples. The first four groups account for 98% of total intestinal flora[3].The intestinal flora is a component of the intricate and dynamic process known as the intestinal barrier, which is formed by the functional interaction of the distinct layers[4].
These microorganisms play important roles in the human body. Among these are the synthesis of some vitamins and cofactors, the digestion of complex polysaccharides and their degradation to short-chain fatty acids, the regulation of the gastrointestinal system motility and vascularization, the effect of fatty acid composition of the retina and eye lens, the effect of bone mineral density, and the development of adaptive immunity[5].
Publications indicating that the microbiota may play a role in the onset of various diseases in the human body, particularly diabetes and obesity, have recently increased[6,7].

INTESTINAL FLORA MECHANISMS IN THE FORMATION AND DEVELOPMENT OF T2DM
Overnutrition has a devastating effect on the diversity and stability of the microflora, decreasing beneficial microflora and increasing pathogenic microflora, causing low-grade inflammation in the gut that can lead to insulin resistance and T2DM. The precise mechanism of intestinal flora involvement in the genesis and progression ofT2DM remains unknown. The short-chain fatty acid theory, the bile acid theory, and the endotoxin theory are provided as potential processes[3].

Short-chain fatty acid
Short-chain fatty acids (SCFAs) are organic carboxylic acids that have one-six carbon atom. They are primarily produced by bacteria in the intestine. Bacteroides, Clostridium, Bifidobacterium, Eubacterium, Streptococcus, Peptostreptococcus, and others are typical SCFA-producing bacteria[3]. The most important SCFAs consist of acetic, propionic, butyric, valeric, and caproic acids. The most frequent SCFAs and anions in the colon are acetate (C2), propionate (C3), and butyrate (C4), respectively. Depending on the fiber content of the diet, the large intestine produces between 500 and 600 mmol/L SCFA daily. Fermentation of fiber into SCFAs in the colon decreases pH, increases fecal acidity, and promotes the proliferation and variety of gut microbiota. SCFAs serve as mediators in numerous pathways involving local, immunological, and endocrine impacts, as well as microbiota-gut-brain interactions. After intestinal bacteria break down dietary fibers, colonocytes absorb SCFAs via passive diffusion or active transport mediated by H+-linked monocarboxylate transporters. At the cellular level, SCFAs regulate the homeostasis and function of intestinal epithelial cells generating complex and integrated effects[4] (Table 1).
Recent research has revealed that there is an abnormality in the bacteria that make short-chain fatty acids in people with diabetes, resulting in abnormal short-chain fatty acid production. Short-chain fatty acids can help the colon's acidic environment, restrict the growth of pathogenic bacteria, maintain water and electrolyte balance, and avoid intestinal dysfunction. Due to a decrease in short-chain fatty acids, the intestinal tract is less able to develop an anti-inflammatory response, leading to intestinal inflammation[3].
G protein-coupled receptors (GPR41 and GPR43) activated by SCFA provide essential regulatory properties for fat and glucose metabolism[8].SCFAs can promote the activation of peptide tyrosine-tyrosine (PYY) and glucagon-like peptide-1 (GLP-1) from intestinal enteroendocrine L cells by activating GPR41 and GPR43. The neuroendocrine hormone PPY affects food intake and energy balance. Reduced GLP-1 secretion in T2DM results in decreased insulin levels and poor glucose and energy metabolism[9](Figure 1).In dysbacteriosis, low SCFA production and impaired activation of SCFA receptors are seen in the intestinal tract. This leads to irregularities in lipid and glucose metabolism, which all contribute to the development of T2DM[8].

Bile acid
The primary functional components of bile are bile acids. They are produced from cholesterol in hepatocytes via the classic or alternative pathway, stored in the gallbladder, and subsequently released into the small intestine. The cholesterol 7a-hydroxylase enzyme is the rate-limiting enzyme in the synthesis of bile acids via the so-called classical pathway. Sterol 27 hydroxylase is active in the alternative pathway. 95% of cholic acid (CA) and chenodeoxycholic CA, the two principal bile acids, enter the enterohepatic circulation. The gut bacteria convert 5% of primary bile acids into secondary bile acids. In humans, these are deoxycholic CA(DCA), lithocholic CA (LCA), and ursodesoxycholic CA, whereas in mice, they are DCA, LCA, muricholic CA, hyodeoxycholic acid, and murideoxycholic acid[10-12].They then influence lipid, glucose, and energy metabolism by activating a series of nuclear receptors [farnesoid X receptor (FXR) in liver and intestine, G protein-coupled bile acid receptor 5 (TGR5) in enteroendocrine cells and pancreatic B cells] involved in the production of liver bile acids and intestinal bile acid reabsorption[13] (Figure 2).
Intestinal flora disruption reduces secondary bile acid production and bile acid receptor activation, resulting in impaired glucose metabolism and T2DM[3]. GLP-1 release from L cells is stimulated by the activation of TGR5 by secondary BAs, which increases insulin secretion and glucose tolerance. As a result of the decreased TGR5 stimulation with the changing BA content, the released GLP-1 decreases. This causes insulin resistance and increased glucose[9]. Bacterial diseases result in decreased bile acid activation and diminished FXR activation, which contribute in a variety of ways to the development of T2DM. As a result of FXR activation insulin sensitivity and glycogen synthesis decrease, an increase happens in hepatic gluconeogenesis and blood sugar. In addition to these changes, the levels of fibroblast growth factor 15 (FGF15), FGF21, FGF19, energy consumption, and insulin sensitivity decrease; on the other hand, body weight increases. As another result, the expression of a transcription factor which plays a role in glucose regulation, Krueppel-like factor (KLF11), decreases. The decrease in the ability of KLF11's to support insulin gene transcription results in lower insulin levels[3,9].

Endotoxin
Fatty diet and the other above-mentioned factors decrease the number of helpful bacteria, including bifidobacterium and lactobacillus. As a result, gut flora deteriorates. The prevalence of gram-negative bacteria rises, and the resulting endotoxemia increases intestinal wall permeability. Gram-negative bacteria have an outermost cell wall layer which is called lipopolysaccharide (LPS) and endotoxin is a part of this layer[3,14]. Through the upregulation of inflammatory signaling pathways and proinflammatory cytokine production, a large amount of LPS generated in the gut (metabolic endotoxemia) may induce persistent low-grade inflammation in T2DM patients. On the surface of monocyte macrophages, LPS binds to the toll-like receptor 4 (TLR-4) and creates a complex with the glucose phosphate isomerase-associated protein CD14. TLRs cause insulin resistance and inflammation in adipocytes and skeletal muscle cells by activating mitogen-activated protein kinase[3,14] (Figure 3).

INTESTINAL FLORA-BASED THERAPIES IN T2DM
According to research, controlling gut flora can improve insulin resistance, boost insulin production, and play a crucial role in regulating blood sugar. SCFAs have been shown in clinical studies to maintain gut architecture and function while also having a therapeutic impact. The identification and modulation of SCFAs in the gut tract of humans could be an effective treatment for type 2 diabetes. SCFA levels in T2DM patients' stools can be measured using gas chromatography and mass spectrometry. SCFA synthesis in the intestinal tract can be increased in diabetic patients by adding fiber or direct SCFA to the diet, increasing the beneficial bacteria content in the intestinal tract, and energy metabolism is regulated to improve T2DM symptoms[3]. SCFA supplementation in T2DM patients boosted butyrate-producing bacteria, GLP-1, and hemoglobin A1c levels[15].
Probiotics are live microorganisms that when taken in adequate amounts, promote health by controlling the microbial balance in the intestines of the host. Prebiotics, on the other hand, are fermented food components that either stimulate or inhibit the growth and/or activity of gastrointestinal microorganisms in the individual's intestinal microbiota[16]. A study found that probiotic treatment in diabetic patients can improve the host's gut microenvironment and, to some extent, diminish symptoms such as abnormal glucose tolerance and insulin resistance[17]. Prebiotics and probiotics have specific effects such as preventing the development of autoimmune diabetes, regulating the flora to improve metabolism, improving the intestinal mucosal barrier function, increasing insulin sensitivity, and regulating neurologic activities related to glucose metabolism. T2DM symptoms may be alleviated by drinking beverages containing probiotics and prebiotics[3].
The demonstration of a link between intestinal microbiota and diabetes suggested that fecal bacteria transplantation could be used to treat diabetes. The process of suspending a healthy donor's stool and transferring it to the recipient's digestive system for treatment is known as fecal bacterial transplantation[18]. A study found that transplanting fecal bacteria to patients with metabolic disorders can improve insulin sensitivity[19]. Blood glucose levels in people with diabetes who have received fecal microorganism transplantation have been shown to be stable[20].
Oral antibiotics are another option for decreasing inflammation in the body and improving the T2DM phenotype. Antibiotics, on the other hand, can disrupt the intestinal flora by harming beneficial bacteria in the digestive tract. This can have a negative impact on diabetic patients. As a result, diabetic patients must be carefully evaluated, along with their current condition and etiology, and treatment must be carefully monitored[3].

NATURAL PRODUCTS THAT CAN BE USED IN THE TREATMENT OF T2DM
Natural products (bioactive compounds) are phytochemicals found in plants, fruits, and vegetables such as polyphenols, anthocyanins, flavonoids, carotenoids, alkaloids, and tannins[21]. After meal consumption, the intestinal flora modulates the synthesis, bioavailability, and bioactivities of natural products with high molecular weight polyphenols. In addition, the intestinal flora converts bioactive chemicals into metabolites such as short-chain fatty acids and bile acids, which can influence host health and intestinal ecology by participating in various metabolic pathways[22]. Some research has recently focused on the modification of intestinal flora by bioactive substances and the treatment of metabolic diseases such as diabetes and obesity[23,24]. Bioactive compounds either have a prebiotic effect on pathogenic bacteria in the gut or have an antimicrobial effect on the microflora composition. Modulation of the colonic microbiota may aid in the management of T2DM. Table 2 lists some natural products that have an effect on diabetes by modulating the colonic microbiota[22].
Dietary polyphenols are naturally occurring chemicals found in numerous plant foods, including fruits and vegetables. In an in vivo study evaluating the antidiabetic mechanisms of polyphenols-rich vinegar extract, vinegar extract reduced blood glucose and lipemia and reduced inflammation by inhibiting TLR4/nuclear factor kappa B signaling pathway. In addition, it has been shown to regulate intestinal microbiota dysbiosis and increase short-chain fatty acid content in diabetic mice[25]. The plant-based polyphenol-rich extract TOTUM 63 (a patented blend of plant-based biomolecules) underwent a randomized, double-blind, placebo-controlled research to enhance glucose homeostasis in multiple preclinical models of obesity and T2DM. In individuals with impaired fasting glycemia and glucose intolerance, TOTUM63 improved several metabolic syndrome characteristics with a favorable safety and tolerability profile and decreased fasting blood glucose[26]. In a randomized, double-blind, placebo-controlled, parallel group research, it was discovered that Resveratrol supplementation improved glycemic control by decreasing insulin resistance in T2DM patients taking oral hypoglycemic medications. It has a considerable positive effect on diabetes patients' chronic inflammation, oxidative stress, and microRNA expression. This has been taken to suggest that a combination of oral hypoglycemic medications may be advantageous for minimizing problems associated with diabetes[27]. In a randomized, double-blind, placebo-controlled study examining the potential of pomegranate peel extract (PoPEx) to counteract inflammation and oxidative stress in T2DM patients, PoPEx administration for 8 wk had beneficial effects on the inflammatory status and oxidative stress biomarkers in diabetic patients. In addition, the PoPEx group had a substantial improvement in lipid profile[28].
Nonalcoholic fatty liver disease (NAFLD) is significantly connected with insulin resistance disorders, such as T2DM and obesity. In a study examining the effect of curcumin supplementation on NAFLD, low-dose curcumin supplementation (250 mg daily) for 2 mo significantly decreased hepatic steatosis and enzymes compared to placebo. However, longer length and higher dose investigations are required[29].
Another study found that peanut skin procyanidins could alleviate T2DM symptoms by reducing the inflammatory response, modulating the gut microbiota, and improving gut integrity in mice with streptozotocin-induced T2DM[30].

CONCLUSION
The effect of intestinal flora on the etiology of diabetes, one of the metabolic diseases whose prevalence has increased with modern society, has been studied in recent years. The short-chain fatty acid theory, bile acid theory, and endotoxin theory are three possible mechanisms by which intestinal flora is effective in the formation and development of T2DM, which is more common. Diabetes treatment based on these etiological reasons includes the use of short-chain fatty acids, probiotics, prebiotics in the diet, fecal bacteria transplantation, and antibiotics. Bioactive compounds have been shown in preclinical and clinical studies to improve a variety of symptoms in people with diabetes. A diabetes treatment that regulates intestinal flora could be an innovative step in the prevention and treatment of diabetes.
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Figure Legends
[image: ]
Figure 1 Schematic view of gut microbiota, short chain fatty acids and type 2 diabetes mellitus. GLP 1: Glucagon like peptide 1; GPCR41: G-protein-coupled receptor 41; GPCR43: G-protein-coupled receptor 43; IR: Insulin resistance; PYY: Peptide tyrosine-tyrosine; SCFA: Short chain fatty acid; T2DM: Type 2 diabetes mellitus.
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Figure 2 Schematic view of bile acids and the role of gut microbiota. BA: Bile acid; CA: Cholic acid; CDCA: Chenodeoxycholic acid; DCA: Deoxycholic acid; CYP: Cytochrome P450; FXR: Farnesoid X Receptor; LCA: Lithocholic acid; MCA: Muricholic acid; TGR5: G protein-coupled bile acid receptor 5.
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Figure 3 Schematic view of diet, gut microbiota and systemic inflammation.
Table 1 Effects of short chain fatty acids on intestinal epithelial cell homeostasis and function
	Effects of SCFAs

	Energy substrate for ATP production

	Receptor activation, mainly G protein coupled receptors

	Maintaining barrier function and integrity

	Modulation of immunity and control of inflammation, Treg differentiation, modulation of inflammation mediators

	Modulation of intracellular permeability

	Epigenetic effects by inhibition of histone deacetylases, hyperacetylation of histones and modulation of gene expression


ATP: Adenosine triphosphate; Treg: Regulatory T cell; SCFAs: Short chain fatty acids.
Table 2 Effects of natural products on type 2 diabetes mellitus
	Natural products 
	Sources
	Antidiabetic mechanisms

	Allicin
	Garlic
	Maintains glucose homeostasis,
Maintains insulin sensitivity

	Saponin
	Polygonatum kingianum
	Lowers blood sugar and lipopolysaccharide,
Improves glucose metabolism

	Flavanoids
	Enteromorphaprolifera
	Decreased blood glucose levels,
Improve glucose tolerance

	Anthocyanin 
	Strawberry
	Improved lipid, glucose metabolism, insulin resistance, gut barrier function,
Reduce low grade inflammation and stimulate the host immune system

	Alkoloids
	Rhizomz coptidis
	Improved insulin sensitivity, glucose homeostasis, blood lipids

	Catechin
	Rhododendron groenlandicum
	Reduced intestinal endotoxin levels,
Improve mucosal barrier function,
Lower serum glucose

	Flavanols
	Green tea leaves, red wine, cocoa, cranberry
	Increase glucose tolerance,
Increase insulin secretion
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