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Type 2 diabetes mellitus (T2DM) is a chronic metabolic disease caused by insulin resistance (IR) and insufficient insulin secretion. Its characteristic pathophysiological processes involve the interaction of multiple mechanisms. In recent years, globally, the prevalence of T2DM has shown a sharp rise due to profound changes in socio-economic structure, the persistent influence of environmental factors, and the complex role of genetic background. It is worth noting that most T2DM patients show significant IR, which further exacerbates the difficulty of disease progression and prevention. In the process of extensively exploring the pathogenesis of T2DM, the dynamic equilibrium of gut microbes and its diverse metabolic activities have increasingly emphasized its central role in the pathophysiological process of T2DM. Bile acids (BAs) metabolism, as a crucial link between gut microbes and the development of T2DM, not only precisely regulates lipid absorption and metabolism but also profoundly influences glucose homeostasis and energy balance through intricate signaling pathways, thus playing a pivotal role in IR progression in T2DM. This review aims to delve into the specific mechanism through which BAs contribute to the development of IR in T2DM, especially emphasizing how gut microbes mediate the metabolic transformation of BAs based on current traditional Chinese medicine research. Ultimately, it seeks to offer new insights into the prevention and treatment of T2DM. Diet, genetics, and the environment intricately sculpt the gut microbiota and BAs metabolism, influencing T2DM-IR. The research has illuminated the significant impact of single herbal medicine, TCM formulae, and external therapeutic methods such as electroacupuncture on the BAs pool through perturbations in gut microbiota structure. This interaction affects glucose and lipid metabolism as well as insulin sensitivity. Additionally, multiple pathways including BA-FXR-SHP, BA-FXR-FGFR15/19, BA-FXR-NLRP3, BA-TGR5-GLP-1, BAs-TGR5/FXR signaling pathways have been identified through which the BAs pool significantly alter blood glucose levels and improve IR. These findings offer novel approaches for enhancing IR and managing metabolic disorders among patients with T2DM.
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1 Introduction

The intricate and interdependent relationship between the gut-liver axis and the host has emerged as a prominent area of research in the biomedical field in recent years (1–4). This symbiotic balance exerts a profound influence on human health maintenance and disease onset and progression. Notably, the gut microbiota-bile acids (BAs) axis plays a pivotal role in regulating host immunity, glucose metabolism, and lipid homeostasis, garnering increasing recognition from academia (5–7). The gut microbiota plays a pivotal role in this axis, exerting profound influence on the biological activity of BAs through their transformation and modification (8). Subsequently, BAs function as signaling molecules via nuclear and membrane binding receptors to execute diverse metabolic functions (9). Therefore, the gut microbiota-BAs axis is considered an “endocrine organ” capable of influencing the host’s physiological state (10, 11). Recent studies have shown that the gut microbiota-BAs axis also plays a key role in insulin resistance (IR) in type 2 diabetes mellitus (T2DM) (12, 13). The available evidence indicates a significant global increase in the prevalence of diabetes, with IR being prevalent among the majority of diabetic patients (14).

T2DM manifests a diverse array of clinical presentations, primarily due to alterations in pancreatic islet function, IR, metabolic derangements, and other related changes (15, 16). It encompasses a multifaceted etiology, including not only immune dysfunction and genetic predisposition but also crucial lifestyle factors and obesity, which play pivotal roles in its development, consequently resulting in disturbances in carbohydrate, lipid, fluid-electrolyte balance, and protein metabolism (17–20). The prevalence of T2DM is on the rise, indicating a significant inclination towards younger age groups (21). The estimated global prevalence of diabetes among individuals aged 20-79 years in 2021 stood at a concerning rate of 10.5% (22). T2DM, as a chronic condition, exerts detrimental effects on multiple organs, including blood vessels, eyes, kidneys, and even the feet, in the absence of effective management (23). Its uncontrolled state can lead to substantial disability and mortality rates, thereby imposing a heavy burden on healthcare expenditure, with projections indicating that by 2045, the economic cost associated with T2DM will escalate to an astonishing $1,054 billion (22).

Prediabetes, a precarious condition that signifies a heightened risk for the progression to T2DM and serves as a reservoir for the burgeoning diabetic population, has attained a staggering prevalence rate of 50.1% (24). This preclinical condition is fundamentally characterized by IR (25). IR refers to the diminished response of target tissues to the action of insulin, resulting in different levels of impaired glucose and lipid metabolism accompanied by elevated levels of inflammatory mediators (26). Currently, despite the management of prediabetes predominantly revolving around lifestyle modifications, there exists considerable variability in individual responses and adherence. Against this backdrop, Traditional Chinese Medicine (TCM) has gradually emerged as a promising complementary and alternative approach in the prevention and treatment of prediabetes, leveraging its distinct theoretical framework and extensive clinical experience (27–29). By employing a multimodal approach that includes herbal formulas, acupuncture, tuina, and other therapeutic techniques, TCM aims to harmonize yin and yang, unblock meridians, strengthen spleen and kidney functions, thereby enhancing constitutional health and bolstering the innate regulatory mechanisms, ultimately preventing or delaying the onset and progression of T2DM (30, 31).

Therefore, the exploration of novel therapeutic strategies targeting the gut microbiota-BAs axis, particularly those anchored in TCM, holds immense promise for the precision management of IR in T2DM. By delving deeply into the intricate interplay between the gut microbiota, BAs, and IR, our research thus aims to elucidate the mechanisms underlying the efficacy of TCM in modulating this axis and thereby mitigating the progression of T2DM. Understanding the role of the gut microbiota-BAs axis in the pathogenesis of T2DM and the modulation of IR through interventions based on TCM not only advances our knowledge of the complex etiology of the disease but also paves the way for the development of innovative, personalized treatment strategies.




2 BAs

The synthesis and metabolism of BAs constitute a sophisticated and finely tuned process, necessitating the concerted efforts of the liver, intestine, and gut microbiota. BAs can be categorized structurally into free and conjugated forms, while their origins are delineated as primary and secondary BAs. To deepen our exploration of the gut microbiota-BAs axis in T2DM and its modulation by TCM, it becomes essential to elucidate the fundamental mechanisms underlying BAs synthesis and metabolism. This intricate interplay among the liver, gut, and gut microbiota lays the groundwork for comprehending how alterations in BAs composition can impact IR and subsequently drive the progression of T2DM.



2.1 Production and metabolism of BAs

BAs synthesis and metabolism is a complex and finely regulated process involving a synergistic interaction of the liver, gut, and gut microbes (32). BAs are synthesized by hepatocytes utilizing cholesterol as a substrate, starting from two distinct biosynthetic pathways, namely the classical pathway initiated by the rate-limiting enzyme cholesterol 7α-hydroxylase (CYP7A1), and the alternative pathway initiated by sterol 27-hydroxylase (33, 34). In the synthesis of total BAs, the classic pathway predominates, accounting for over 70% of production (35) and contributing approximately 5 g of BAs daily (36). These BAs subsequently conjugate with glycine and taurine to form salts, with a conjugation ratio of approximately 3:1 for glycine to taurine (37). Bile salt export pump (BSEP) serves as the principal BAs efflux transporter, cooperating with multi-drug resistance protein (MDR3) and protein contributing to membrane lipid composition (FIC1) to shuttle BAs from hepatocytes into bile canaliculi (38).

Upon secretion into the gallbladder via the bile duct, BAs are stored awaiting the digestive stimulus of food intake. When food enters the small intestine, the gallbladder contracts, releasing BAs into the duodenum to facilitate the emulsification and absorption (39). Within the gut microbiota environment, primary BAs undergo debinding, dehydroxylation, and epimerization processes to generate secondary BAs such as LCA, deoxycholic acid (DCA), and UDCA (40, 41). Notably, in the realm of secondary BAs, LCA can undergo conversion to UDCA via 7a-hydroxylation, hyodeoxycholic acid through 6a-hydroxylation or murideoxycholic acid by means of 6β-hydroxylation, thereby augmenting the diversity and intricacy of BAs composition (41–43). A portion of BAs is reabsorbed via passive diffusion mechanisms in the small and large intestines, while another fraction undergoes active absorption at the apical membrane of the ileum through the apical sodium-dependent bile acid transporter (ASBT), subsequently entering the portal circulation via the heterodimeric organic solute transporter (OSTα/β) complex (44–46). Approximately 95% of BAs are efficiently reabsorbed in the ileum and transported back to hepatocytes by Sodium/taurocholic acid cotransport polypeptide (NTCP) and organic anion transporting polypeptide (OATP), completing their enterohepatic circulation and metabolism (3, 47). Unabsorbed BAs proceed to the large intestine, with the remainder excreted in feces and urine (48). Under normal physiological conditions, the enterohepatic circulation occurs 8 to 10 times daily (49). In conclusion, the synthesis and metabolism of BAs constitute a highly intricate and precisely regulated system that highlights the harmonious collaboration between the liver, gut, and gut microbiota, ensuring efficient lipid digestion, absorption, and maintenance of metabolic homeostasis. Figure 1 illustrates the process of BAs metabolism.




Figure 1 | The synthesis and metabolic cycle of bile acids (BAs) involve the liver, intestine, and gut microbiota. BAs are synthesized in hepatocytes via the classic pathway and the alternative pathway, and are primarily conjugated with glycine and taurine before being transported to the bile duct by transporters such as bile salt export pump (BSEP). They are stored in the gallbladder and further transformed by gut microbiota into secondary bile acids like lithocholic acid (LCA), deoxycholic acid (DCA), and ursodeoxycholic acid (UDCA), increasing their diversity and complexity. Most bile acids are reabsorbed through passive diffusion or active transport via apical sodium-dependent bile acid transporter (ASBT) in the ileum, entering the portal circulation through the heterodimeric organic solute transporter (OSTα/β), and then transported back to hepatocytes by Sodium/taurocholic acid cotransport polypeptide (NTCP) and organic anion transporting polypeptide (OATP), completing the enterohepatic circulation. Unabsorbed bile acids are excreted in feces and urine.






2.2 BAs and metabolic disorders

BAs, serving as vital signaling molecules between the liver and intestine, play pivotal roles in regulating energy metabolism and maintaining intestinal microecology homeostasis (50). Synthesized in the liver and secreted into the intestine, BAs exert profound influences on the intestinal microbial community structure (51). IR, a hallmark of T2DM, promotes fat accumulation in the liver through multiple pathways, leading to liver damage and subsequently affecting BAs synthesis and secretion (52). BAs are potent antibacterial compounds that play an important role in shaping the ecology of gut microbes (53). The diversity of bacteria in the intestines can tolerate the antibacterial activity of bile salts through a variety of physiological adjustments, and the resistance to bile salts allows certain bile-resistant pathogens to colonize the liver and biliary tract (54). When BAs metabolism is disrupted, resulting in alterations in the gut microbiota composition, increased intestinal permeability, and the entry of more harmful bacteria and endotoxins into the portal vein, further exacerbating liver damage (55). In addition, activation of bile acid receptors triggers mediates the secretion of glucagon-like peptide-1 (GLP-1) by enteroendocrine cells (56). GLP-1 reduces gluconeogenesis, increases energy expenditure, stimulates pancreatic insulin secretion, and attenuates inflammatory responses in immune cells (57, 58). In the context of IR, abnormalities in BAs metabolism may exacerbate liver damage and the risk of metabolic diseases by affecting the intestinal microecology.

BAs can be classified into 12α-hydroxylated and non-12α-hydroxylated forms based on their chemical structure, with distinct implications for metabolic health. The main constituents of 12α-OH BAs are cholic acid (CA) and chenodeoxycholic acid (CDCA), and their conjugates with taurine or glycine through amide bonds, while non-12α-hydroxylated BAs include CDCA, Lithocholic acid (LCA), and ursodeoxycholic acid (UDCA) (59, 60). Research has demonstrated that an elevated ratio of 12α-OH BAs to non-12α-OH BAs in serum, which is associated with T2DM, obesity, and IR, may be attributed to an underlying mechanism whereby abnormally elevated glucose and insulin levels induce histone acetylation on the chromatin of CYP7A1, thereby stimulating CYP7A1 synthesis and subsequently leading to an upregulation in the production of 12α-hydroxylated BAs (60–62).

Further observation showed that significant differences were observed in the composition of BAs among the liver, gallbladder, intestine, feces, and serum. There exist notable distinctions between mice and humans, particularly in terms of their BAs composition. Mice exhibit significantly elevated levels of hydrophilic BAs compared to humans (49), which can be primarily attributed to the conversion pathway of CDCA to α/β- muricholic acid (MCA) in mice, leading to a higher proportion of hydrophilic BAs (63). It is worth noting that, while Hyocholic acid (HCA) and its derivatives are present in very low amounts in human blood, they constitute approximately 76% of the total BAs pool in pigs, which have garnered attention due to their remarkable resistance to T2DM (56). These differences not only reflect the species-specific nature of BAs metabolism but also offer new perspectives for studying and understanding the role of BAs in physiology and disease.

BAs is a kind of amphiphilic steroid acid, whose production and diversity are influenced by both host and microbial metabolism (3, 39). Hydrophilic BAs exhibit a certain degree of hepatoprotective effect, whereas hydrophobic BAs possess cytotoxicity, leading to the accumulation of BAs and subsequent damage, necrosis, and apoptosis in liver cells. This disruption can significantly influence gut microbial homeostasis, subsequently affecting overall organismal health. Hydrophobic BAs are considered potential biomarkers for early detection of metabolic disorders. Obese mice demonstrate significantly elevated levels of hydrophobic BAs in both ileal contents and feces compared to normal mice (64). It is noteworthy that hydrophobic BAs possess the ability to inhibit intestinal cholesterol absorption in a high-fat diet context. As the concentration of hydrophobic BAs increases, it consequently imposes a greater metabolic burden on the liver, thereby further escalating the risk of developing metabolic disorders (52). Interestingly, mice with the cytochrome P450 family 2 subfamily c polypeptide 70 knockout display a more hydrophobic composition of BAs pool resembling that of humans (65). Therefore, monitoring and analyzing hydrophobic BAs play a crucial role in the prevention and treatment of metabolic disorders. These findings not only enhance our comprehension of the disparities in BAs metabolism between rodents and humans but also have significant implications for utilizing mouse models to investigate BAs-related diseases in humans.





3 T2DM-IR and structural changes of gut microbiota

In regulating host metabolism, the gut microbiota plays a pivotal role, particularly as it exerts its influence through intricate and finely tuned interactions that affect multiple facets, including insulin signaling, glucose and lipid metabolism, and protein metabolism, all of which are crucial in the onset and progression of IR (66). Homeostatic model assessment of insulin resistance (HOMA-IR) is an indicator of IR, with its levels directly influenced by the composition of the gut microbiota (67). Specifically, three bacterial taxa, namely Cyanobacteria, Acidobacteria, and Gemmatimonadetes, exhibited a negative correlation with HOMA-IR, suggesting their potential to ameliorate IR (68). Further research also pointed out that effective treatment interventions can reinstate the abundance of microbiota, thereby ameliorating associated symptoms (69–71). It is noteworthy that the improvement of insulin sensitivity by metformin, a widely used hypoglycemic drug, is closely related to the regulation of gut microbiota, demonstrating the complexity of drug-microbial interactions (72). Sun et al. found that metformin can effectively prevent and treat impaired glucose tolerance and IR by inhibiting intestinal the Farnesoid X receptor (FXR) signal through the gut microbiome in a non-AMP-activated protein kinase (AMPK)-dependent manner (73). This finding not only deepens our understanding of the mechanism of action of metformin, but also highlights the importance of gut microbiota in the efficacy of the drug. Furthermore, TCM, with its unique theoretical framework and therapeutic advantages, has demonstrated considerable potential in the treatment of chronic metabolic diseases associated with IR (74, 75). In recent years, the gut microbiota has emerged as a novel bridge linking TCM therapies to disease improvement, becoming a frontier and hot research area in exploring the mechanisms of action of Chinese medicinal herbs (76).

TCM boasts a rich history in the management of T2DM. As research progresses, an increasing body of evidence demonstrates that TCM can effectively ameliorate IR through the regulation of gut microbiota (77–79). The compound salvianolic acid A, derived from Salvia miltiorrhiza and recognized as an effective therapeutic agent for T2DM, not only demonstrates significant effects on modulating the gut microbiota in T2DM-IR rats, but also notably enhances the richness and diversity of this microbiota when administered at a high dose, thereby promoting homeostasis of the core gut microbiota (80). Lycium barbarum polysaccharide, similar to Salvia miltiorrhiza, not only alleviates hyperglycemia, hyperlipidemia, and IR in diabetic mice but also highlights the crucial role of gut microbiota in regulating IR, as evidenced by the negative correlation between the presence of Cetobacterium, Millionella, Clostridium, Streptococcus, and Ruminococcaceae and HOMA-IR (81). The application of licorice extract demonstrated positive effects, effectively ameliorating various symptoms in diabetic mice in a dose-dependent manner and exerting its effects through gut microbiota remodeling (82). The investigation of Puerariae Lobatae Radix in db/db mice demonstrates its potential to effectively ameliorate the inflammatory damage inflicted upon islet cells and mitigate IR, potentially attributed to its ability to enhance the abundance of specific gut microbiota and regulate the expression of metabolite-associated proteins within the gut microbiota (83). Simultaneously, emerging therapeutic approaches such as targeted probiotic supplementation and fecal transplantation demonstrate potential in modulating the gut microbiota composition to prevent and treat IR in individuals with T2DM (84, 85). In the management of T2DM-IR patients, interventions such as administration of multiple prebiotics, probiotic strains or fecal microbiota transplantation exhibit a substantial amelioration in HOMA-IR indices and exert a favorable impact on glycemic control (86–88). The findings not only validate the application of TCM in treating T2DM, but also underscore its significant potential in ameliorating IR (89, 90).




4 T2DM-IR and gut microbiota-mediated BAs metabolism

Current studies have shown that gut microbiota is involved in the development of T2DM and IR through different mechanisms including imidazole propionate, trimethylamine oxide, short-chain fatty acids, and BAs (91, 92). The gut microbiota, along with its metabolites and nutrients, is continuously transported to the liver through the portal blood circulation. Given that the liver is central to glucose and lipid metabolism, T2DM inevitably results in significant alterations in hepatic metabolites and metabolic pathways (93). Of these mechanisms, the BAs pathway is closely linked to liver function and plays a crucial role in regulating glucose and lipid metabolism balance (44). The gut microbiota plays a pivotal role in the biotransformation and reabsorption of BAs, exerting profound effects on host glucose, lipid, and energy metabolism through co-metabolism with BAs (2, 7). This intricate interplay necessitates a deeper understanding of how the gut microbiota intersects with BA metabolism in the context of T2DM and IR.



4.1 The role of gut microbiota in BAs

The biotransformation function of gut microbiota plays a crucial role in determining the concentration of each component within the total pool of BAs. Variations in gut microbiota community structure can lead to significant alterations in the composition of the BAs pool. The gut microbiota extensively diversify and enhance the biological functions of these compounds through various transformations. Specifically, microorganisms can modify human BAs in four distinct manners, including glycine or taurine uncoupling, dehydroxylation, dehydrogenation, and emisomerization of the cholesterol core (51). The gut microbiota first fine-tunes BAs metabolism by regulating bile saline lyase (BSH) activity (94, 95). BSH enzyme, as a key enzyme of gut microbiota to modify BAs, is widely distributed in different species of gut microbiota, especially in the genus Bacteroides (96). Animal experiments have elucidated the various roles of Bacteroides species in BAs metabolism with contrasting effects on metabolic health. On one hand, it has been observed that patients with a higher proportion of bacteroidetes in their gut microbiota experience greater improvements in lipid levels, body weight, and IR following acarbose treatment (97). Bacteroides species have been shown to ameliorate obesity, IR, and lipid metabolism disorders in both high fat diet-induced obese mice and ob/ob mice through the modulation of LCA and UDCA levels (98). This highlights their potential as beneficial modulators of metabolic dysfunction. On the other hand, a distinct enrichment of the Bacteroidia class has been linked to the severity of T2DM and disruptions in glucose homeostasis markers (99). Specifically, high-fat diet-fed mice colonized with Bacteroides fragilis show exacerbated glucose intolerance and abolished metformin efficacy in improving glucose tolerance, accompanied by a decrease in intestinal Bacteroides fragilis and an increase in glycoursodeoxycholic acid levels (73). Moreover, in a hypothermia animal model study, the administration of aqueous extracts of Aconite was observed to modulate the gut microbiota and BAs metabolism, resulting in an elevation of body temperature in mice. The findings demonstrated that Aconite extracts facilitated the browning process of white adipose tissue and enhanced BAT expression, thereby augmenting glucose energy metabolism. Importantly, these effects were attenuated by depletion of gut microbiota and reduction in BAs levels induced by antibiotic treatment, indicating that Aconite extracts ameliorated T2DM through precise modulation of gut microbiota (100). The gut microbiota’s biotransformation of BAs is vital in metabolic health, with variations in its community structure significantly altering BAs composition and impacting metabolic functions.




4.2 The impact of BAs on the intestinal tract

In the intricate gut ecosystem, BAs play an indispensable role as crucial defenders of the chemical barrier. Conjugated BAs, such as taurocholate, possess unique high solubility properties that not only maintain optimal acidic pH balance in the intestinal lumen but also significantly enhance the activity of intestinal digestive enzymes to ensure efficient nutrient absorption (101–103). This physiological process not only establishes a robust chemical defense barrier for intestinal health, but also lays the groundwork for normal intestinal function. However, this delicate balance is significantly disrupted when the body encounters a state of hyperglycemia. Hyperglycemia facilitates bacterial migration and interferes with the normal secretion and metabolism of BAs, resulting in fluctuations in BAs content within the intestinal lumen. BAs directly target lipopolysaccharide and facilitate the decomposition of endotoxin into non-toxic subunits or the formation of micropolymers (104, 105). They modulate the expression of tight junction proteins, thereby bolstering the integrity of the intestinal mucosal barrier and effectively thwarting the invasion of harmful substances (106). BAs contribute to maintaining the balance of the gut microbiota by inhibiting the excessive proliferation of harmful bacteria. This mechanism involves precise regulation of bacterial proliferation, morphology, membrane permeability, and energy metabolism (107, 108). It is important to emphasize that various types of BAs manifest unique biological effects in maintaining intestinal homeostasis (109–111). For instance, CDCA demonstrates remarkable efficacy in repairing inflammation-induced damage to the intestinal epithelium, thereby reversing the observed increase in transepithelial resistance and decrease in expression of tight junction proteins induced by lipopolysaccharide (112). DCA, LCA, and their derivatives effectively prevent heightened intestinal permeability (113). Moreover, UDCA facilitates migration and repair of damaged intestinal epithelial cells while safeguarding the intestine against further harm caused by detrimental substances like lipopolysaccharides (114). In addition, the TCM prescription Tong-Xie-Yao-Fang in the treatment of irritable bowel syndrome has also demonstrated the unique curative effect. The mechanism of Tong-Xie-Yao-Fang involves the regulation of BAs metabolism in the gut, specifically targeting the synthesis and excretion levels of BAs in irritable bowel syndrome rats. This modulation reduces activation of the colonic BAs membrane receptor Takeda G protein-coupled receptor 5 (TGR5) sensing and its mediated Calcitonin gene-related peptide-positive neuronal response were attenuated, thereby contributing to alleviating symptoms associated with irritable bowel syndrome (115). Pien Tze Huang, a Class 1 nationally protected TCM, has the capacity to activate TGR5 via BAs, thereby exerting its anti-inflammatory effects, enhancing intestinal barrier function, and inhibiting pro-inflammatory pathways (116, 117). TCM demonstrates the therapeutic potential of modulating BAs metabolism in maintaining gut health.





5 The gut microbiota-BAs axis affects glucose and lipid metabolism and insulin sensitivity

Diet, genetics, and the environment intricately influence gut microbiota and BAs metabolism, significantly impacting metabolic health. Dietary interventions, particularly focusing on fiber supplementation and specific dietary patterns, show promise in modulating these processes. Dietary factors, especially the Western diet, disrupt the BA profile and contribute to metabolic disorders like T2DM. Conversely, specific dietary interventions can positively influence gut microbiota, BAs metabolism, and metabolic health. The Western diet reduces cecal secondary BAs in mice, but oligofructose supplementation prevents this reduction and elevates 6α-hydroxylated BAs by maintaining key bacteria (118). Oligofructose, a well-recognized soluble fiber, functions as a prebiotic, metabolized by gut bacteria to produce short-chain fatty acids, exerting beneficial effects on glucose lowering, HbA1c, and HOMA-IR in T2DM patients (119). The low-carbohydrate ketogenic diet is commonly used for weight loss. In both an observational study with healthy participants (n = 416) and an intervention study with overweight or obese individuals following this diet, it was found that the diet reduced the abundance of bacteria encoding BSH in the gut microbiota, such as Lactobacillus murinus. This led to increased levels of taurodeoxycholic acid and tauroursodeoxycholic acid in circulation, resulting in reductions in body weight and fasting blood glucose levels (120). In addition, a study reveals that a high-fat diet elevates specific gut bacteria in mice, thereby altering the bile acid pool and triggering inflammation. Non-classic amino acid conjugation of the bile acid cholic acid affects intestinal stem cell replenishment, a process mediated by Ileibacterium valens and Ruminococcus gnavus, which synthesize this specific conjugate (121). These highlights the potential of dietary interventions in modulating BAs metabolism and improving metabolic health. High intake of fatty animal foods increases BAs secretion and is associated with elevated levels of fecal secondary BAs (122, 123). This change may also enhance glucose-6-phosphate dehydrogenase activity which suggests promotion of the pentose phosphate pathway resulting in reduced equivalents (124). The examples provided demonstrate the intricate relationship between diet, gut microbiota, and metabolic processes, highlighting the potential of targeted dietary strategies in mitigating metabolic disorders.

Understanding the genetic and environmental influences on the gut microbiota and BAs metabolism is crucial for developing effective strategies to maintain or improve metabolic health. Building on the observed correlation between gut microbiota structural variation of genome and BAs levels, recent research by Meng et al. further elucidates how antibiotic-induced gut dysbiosis impacts host transcriptome and m(6)A epitranscriptome through BAs metabolism (125, 126). In addition to intrinsic genetic factors, extrinsic environmental factors also exert profound effects on the gut-liver axis, particularly through their interaction with the gut microbiome. Environmental toxins have been linked to gut microbiome dysbiosis and IR, with microbiome-derived secondary BAs potentially acting as mediators between environmental toxins and obesity or IR (127). Lifestyle-induced weight loss does improve glycemic control and IR but does not affect BAs concentrations (128). However, during weight regain, the gut microbiota and BAs play pivotal roles, and supplementation with Parabacteroides distasonis and non-12α-hydroxylated BAs can effectively mitigate weight rebound (129). Thus, understanding these interactions is essential for developing strategies to improve metabolic well-being.

Metabolomics is a potent tool for the precise analysis of metabolites at the molecular level, uncovering disease-induced alterations in metabolites. Monitoring the composition of the human gut microbiota or gut metabolites may provide valuable insights into the diagnosis and treatment of T2DM (130). The BAs pool consists of a variety of BAs subtypes, each with its own unique affinity for different BAs receptors. As a result, BAs play a crucial role in regulating host health by interacting with receptors of varying affinities (131). This interaction not only facilitates the reduction of bile salt load, but also significantly enhances insulin sensitivity, thereby regulating glucose metabolism and controlling energy expenditure (132). The serum BAs concentration is significantly higher in patients with T2DM compared to non-diabetic individuals, and it shows a positive correlation with IR (133). Alessandro et al. analyzed plasma samples from 224 patients with T2DM and 102 nondiabetic individuals with metabolic syndrome, assessing a total of 14 plasma BAs species. This study demonstrates significant disparities in plasma BA profiles between individuals with and without T2DM (134). Chen et al. examined serum samples from 30 individuals and fecal matter from 15 patients to investigate changes in BAs and gut microbiota within the biological milieu of T2DM patients. Their findings reveal a dynamic interaction between BAs and gut microbial populations, highlighting notable elevations in DCA, LCA, and glycodeoxycholic acid levels among the T2DM group, while glycoursodeoxycholic acid levels were significantly reduced (135). Significant changes were reported in the levels of BAs metabolites in the liver of T2DM-IR mice (136). T2DM with IR often presents with inflammation and liver damage (137). Low-level inflammation is thought to be a key factor in the pathogenesis of IR, T2DM, and beta cell impairment (138). Research has demonstrated significant differences in the serum BAs profiles between healthy individuals and patients with intestinal inflammation (109). Taurocholate Deoxycholate has demonstrated efficacy in mitigating inflammation and enhancing insulin sensitivity (139, 140). Subsequent to continuous administration of glycoursodeoxycholic acid, a notable decrease in blood insulin levels and HOMA-IR was observed in db/db mice (34). It is important to note that moderate BAs supplementation can significantly reduce inflammation in the body and effectively improve insulin sensitivity (141, 142).

Bear bile has been used in TCM for thousands of years (143). UDCA, the active ingredient in bear bile, was found to have metabolic, anti-inflammatory, and antioxidant effects in patients with T2DM in a prospective, double-blind, placebo-controlled clinical study (144, 145). Scutellaria baicalensis, a TCM, has been found to modulate the profile of BAs in the intestine through its total flavonoid components, which not only shapes the composition of the intestinal microbiome by promoting the growth of beneficial bacteria and inhibiting harmful bacterial proliferation, thereby optimizing BAs metabolism, but also enhances intestinal barrier function and reduces inflammation caused by BAs accumulation, potentially alleviating IR in T2DM patients (146). Furthermore, Forsythia, a traditional Chinese medicinal herb renowned for its therapeutic properties including clearing heat, detoxification, reducing inflammation, and dispelling wind-heat, has been subject to recent research revealing that its active compound, Phillyrin, shows promise in improving IR (147). Additionally, the study indicates that, when compared to green Forsythia, mature Forsythia may exert more pronounced effects on detoxification and BAs metabolism. This intriguing discovery implies that Forsythia, through its influence on the gut microbiota, could indirectly regulate BAs metabolism, which would ultimately lead to a positive impact on IR in patients with T2DM (148). In a retrospective cohort study involving 147 patients, the Jiang-Tang-San-Huang pill demonstrated significant efficacy in lowering blood glucose levels and reducing IR, thereby enhancing pancreatic islet cell function (149). The therapeutic effects of Jiang-Tang-San-Huang pill are mediated through the correction of gut microbiota imbalances, particularly by enriching bacteria with BSH activity, including Bacteroides, Lactobacillus, and Bifidobacterium. This enrichment facilitates the accumulation of unconjugated BAs in the ileum (150). Ultimately, the Jiang-Tang-San-Huang pill alleviates T2DM-IR by modulating the complex interplay between gut microbiota and BAs metabolism. The research conducted on Jingangteng capsule in diabetic rat models demonstrated that it possesses a significant ability to regulate BAs metabolites linked to BAs receptors and reverse the diminished expression of BAs receptors in the liver. This regulatory mechanism not only downregulates the expression of lipogenesis-related genes but also inhibits the activation of inflammation-related genes, actions which collectively contribute to reducing the inflammatory burden on the liver and intestines, thereby improving IR in patients with T2DM (151). Ji-Ni-De-Xie, a traditional herbal formulation utilized in Tibetan medicine for treating T2DM, has exhibited notable effects in ameliorating IR through modulation of BAs metabolism. The study indicates that Ji-Ni-De-Xie can adjust the composition and concentration of BAs in the intestines, optimize their distribution and function, reduce potential damage to the intestinal mucosa, and enhance nutrient absorption and utilization (152). It’s worth noting that electroacupuncture can improve the disorder of glucose and lipid metabolism in db/db mice, increase the abundance of the Firmicutes and Actinobacteria, and elevate the content of fecal BAs pool, particularly CA and UDCA (132). These comprehensive mechanism effectively alleviates IR, hyperglycemia, hyperlipidemia, and inflammatory responses, offering new scientific evidence for integrating traditional Chinese medicine into T2DM treatment. Relevance of gut microbiota-mediated BAs metabolism in the development of IR in individuals with T2DM in Figure 2.




Figure 2 | Relevance of gut microbiota-mediated BAs metabolism in the development of IR in individuals with type 2 diabetes mellitus(By Figdraw). Patients with type 2 diabetes mellitus often exhibit intestinal inflammation, resulting in increased intestinal permeability that allows bacterial lipopolysaccharides and BAs to directly enter the liver through the portal vein. Within the intestinal microecosystem, a series of biochemical processes such as uncoupling, dehydrogenation, dehydroxylation, and differential isomerization convert BAs into secondary BAs. As the primary organ responsible for BAs synthesis and metabolism, the liver may alter its synthesis and secretion under inflammatory stimulation, thereby influencing the metabolic balance of BAs. Disordered BAs metabolism can lead to elevated glucose levels and IR, further exacerbating pathological progression.






6 T2DM-IR and BAs-related signaling pathways

BAs are a unique class of signaling molecules that can activate a variety of nuclear and membrane receptors (153). Over the past three decades, the scientific community has conducted extensive and comprehensive research into the regulatory functions of BAs receptors in maintaining health and driving disease progression (9, 55, 154). In recent years, studies have revealed that BAs exhibit remarkable efficacy in lowering blood glucose levels through multiple signaling pathways (140, 155, 156). Specifically, it is through the activation of key receptors, such as FXR and TGR5, that BAs profoundly influence numerous physiological processes, which in turn encompass the stimulation of GLP-1 secretion in the intestine, the inhibition of hepatic gluconeogenesis, an increase in energy expenditure, and the modulation of inflammatory responses and gut microbiota composition (157, 158). All of these effects play significant roles in the pathogenesis of IR and T2DM (159, 160).



6.1 Membrane receptor TGR5

TGR5, a crucial membrane receptor for BAs, exhibits high expression in the gallbladder, liver, intestinal tract, and adipose tissues. Functioning as a BAs receptor, TGR5 can respond to all known BAs irrespective of their binding state. Studies have shown that secondary BAs exhibit markedly higher affinity for TGR5 than primary BAs, with LCA emerging as the most potent natural agonist for TGR5 (159, 161). Activation of this receptor demonstrates anti-inflammatory properties and aids in preventing chronic inflammation (162). Inflammatory factors have the potential to disrupt insulin signaling pathways through endocrine or paracrine mechanisms, thereby impacting its transduction activity and ultimately leading to T2DM-IR (163).

In the liver, TGR5 is predominantly localized in sinusoidal endothelial cells, Kupffer cells, and cholangiocytes (164). Upon bacterial infiltration into the liver via bloodstream, their surface antigens can trigger macrophage activation leading to the production of proinflammatory cytokines including interferon-γ, interleukin-1β, interleukin-6, and tumor necrosis factor-α. These cytokines promote polarization of M0 macrophages towards a proinflammatory M1 phenotype (165). However, activation of TGR5 has been shown to inhibit nuclear factor kappa-B (NF-κB) signaling pathway thereby attenuating inflammation in Kupffer cells and facilitating transition from an M1 proinflammatory phenotype to an anti-inflammatory M2 phenotype (166, 167). Notably, NF-κB signaling pathway represents a pivotal regulatory axis governing immune response gene expression closely associated with IR in T2DM (168). Qi et al. revealed that taurochenodeoxycholic acid (TCDCA) exerts critical functions in apoptosis and immune responses via the TGR5 receptor, ultimately regulating NF-κB activity (169). In the intestine, cyclic adenosine monophosphate (cAMP) acts as a secondary messenger and is positively regulated by TGR5, leading to rapid and dose-dependent elevation of cAMP levels. Activation of TGR5 leads to an increase in cAMP levels, subsequently stimulating protein kinase A (PKA) and inducing NOD-like receptor family pyrin domain-containing 3 (NLRP3) ubiquitination, which ultimately inhibits NLRP3 inflammasome activation. The NLRP3 inflammasome is pivotal in chronic inflammation and is intimately linked to insulin signaling, glucose tolerance, and IR (170). This mechanism was validated in a mouse model, where BAs were found to alleviate various inflammatory diseases, including high-fat diet-induced T2DM (154). Notably, a modified Gegen Qinlian decoction has been reported to effectively regulate gut microbiota, improve BAs metabolism, and activate the TGR5/cAMP/PKA signaling pathway, thereby exerting therapeutic benefits in mouse models of T2DM (171). Moreover, the research expounded upon the robust connection between TGR5 and GLP-1. Intriguingly, approximately 75% of GLP-1-generating intestinal endocrine cells within isolated human intestinal cells demonstrated expression of TGR5 (156). The activation of TGR5 instigated the discharge of GLP-1 from intestinal endocrine cells, subsequently activating the GLP-1R/PKA signaling pathway and markedly reducing the HOMA-IR index (172, 173). As a crucial intermediary molecule, the influence of GLP-1 transcended the intestine and encompassed various body regions, effectively mitigating peripheral IR (174). In adipocytes, elevated levels of TCA and DCA could activate TGR5. Upon activation, TGR5 stimulated UCP1 expression, thereby fostering increased heat production in white fat and contributing to the improvement of IR (41, 175, 176). The research further substantiated an inverse correlation between UCP1mRNA content and IR, specifically indicating that a higher content corresponded to a lower degree of IR (177). AMPK, a kinase activated by PKA, has been implicated in the onset of metabolic syndrome, including obesity and hyperglycemia (178). Vaccarin, a flavonoid derived from vaccaria seeds and traditionally employed in Chinese medicine to promote blood circulation, has recently been demonstrated to exert anti-diabetic effects (179). It has been demonstrated that vaccarin stimulates the growth of Bacteroides uniformis both in vitro and in vivo, resulting in the production of CA and CDCA that act through the TGR5/AMPK signaling pathway to inhibit hepatic gluconeogenesis and lipolysis, thereby ameliorating diabetes and its potential complications (180). The findings of this study not only enhance the understanding of the intricate relationship between TGR5 and IR but also provide new insights into potential therapeutic interventions for treating IR-related disorders, such as T2DM.




6.2 Nuclear receptor FXR

As a crucial nuclear receptor, FXR is predominantly expressed in the intestinal and hepatic tissues, playing an indispensable role in maintaining homeostasis of BAs, lipids, glucose, and energy (181). Natural agonists of FXR such as CA and CDCA have been demonstrated to activate its function (182). In the db/db mouse model of T2DM characterized by IR, treatment with BAs or specific agonists for FXR significantly improved insulin sensitivity and effectively reduced blood glucose levels thereby ameliorating diabetic symptoms (183). The FXR receptor plays a crucial role in the regulation of diverse metabolic pathways, encompassing BAS synthesis, excretion, reverse cholesterol transport, gluconeogenesis, and glycogenolysis (95, 184, 185).

Increased expression or transcriptional activity of FXR in the liver led to a significant reduction in blood glucose levels and improvement in IR, whereas surprisingly, absence of FXR expression or inhibition of its transcriptional activity in the intestine also resulted in decreased blood glucose levels and improved IR (186, 187). This discovery unveils the intricate regulatory mechanism of FXR across different tissues. The FXR/SHP and FXR/FGF15/19/FGFR4 pathways have been identified as the principal negative regulatory pathways in BAs synthesis (133). In intestinal tissues, FXR stimulates the synthesis of fibroblast growth factor 15/19(FGF15/19)and effectively inhibits the expression of CYP7A1 and CYP8B1, thereby regulating BAs synthesis. As an antagonist of FXR, UDCA significantly inhibits the transcription activity of FXR induced by CDCA, highlighting the crucial role of FXR in metabolic regulation (73). By suppressing the signaling pathway of FXR, the release of FGF15/19 is diminished, thereby impeding its binding to fibroblast growth factor receptor 4 (FGFR4) on hepatocytes via the portal vein. This attenuation weakens the inhibitory effect on CYP7A1 and CYP8B1, resulting in an elevation in hepatic BAs synthesis and cholesterol utilization. Consequently, this phenomenon contributes to ameliorating obesity and IR (158). Berberidis Cortex, a traditional Tibetan herbal remedy, ameliorates BAs dysregulation in T2DM rats, notably by elevating levels of TCDCA and CA, subsequently activating the FXR/FGF15 signaling pathway and inhibiting hepatic gluconeogenesis (188).

Another significant aspect is increased hepatic BAs levels and FXR activation induce the expression of small heterodimer partner (SHP) gene which inhibits transcriptional activity of CYP7A1, a key enzyme involved in BAs production, thereby enhancing fatty acid oxidation via peroxisome proliferator-activated receptor alpha (PPARα) activation (189–191). Activation of PPARα leads to reduced blood lipid levels and plays a crucial role in glucose homeostasis as well as IR management (192). In a rat model of T2DM, Roux-en-Y gastric bypass surgery elevated serum BAs levels, which subsequently activated the FXR-related pathway, leading to upregulation of FXR, SHP, and PPARα expression that inhibited adipogenesis and modulated hepatic gluconeogenesis (193). Recent investigations further elucidate the intricate interplay of these pathways in modulating glucose metabolism and insulin sensitivity, exemplified by a study demonstrating that a degraded sweet corn cob polysaccharide ameliorates T2DM through the modulation of BAs synthesis and hepatic lipid metabolism, a mechanism that involves the activation of the hepatic FXR/SHP pathway and the engagement of the FXR/FGF15/FGFR4 signaling axis within the gut-liver axis (194). Furthermore, SHP, a downstream target gene regulated by FXR, has been shown to inhibit NLRP3 inflammasome formation along with downstream inflammatory factors resulting in decreased IR (170, 195). A novel fasting therapy has been found to ameliorate high-fat diet- and STZ-induced IR in rats by suppressing NLRP3 inflammasome-mediated inflammatory response (196). In addition, the role of GLP-1 warrants attention. Oral administration of UDCA not only stimulates GLP-1 secretion but also effectively improves symptoms related to glucose intolerance and IR by inhibiting the FXR signaling pathway (197). Similarly, a single-center cohort study revealed that intestinal Clostridium inhibits the conversion of CDCA to UDCA, leading to a reduction in GLP-1 secretion and subsequently resulting in abnormal glucose metabolism and IR (197). In intestinal L-cells, FXR disrupts the interaction between glucose-responsive transcription factor carbohydrate-responsive element-binding protein (ChREBP) and its target sequences, thereby inhibiting glycolysis and resulting in a reduction in proglucagon expression and, consequently, a decrease in GLP-1 secretion (198).

Nevertheless, studies have demonstrated an intricate interplay between the bile acid receptors FXR and TGR5. Curcumin and Notoginsenoside Ft1, acting as a natural TGR5 agonist and an intestinal FXR inhibitor, exerts a dual effect that alleviates metabolic disorders by activating TGR5 while simultaneously suppressing FXR (199, 200). Additionally, the traditional medicinal formula Jiang-Tang-San-Huang pill upregulates the intestinal FXR/FGF15 and TGR5/GLP-1 signaling pathways (150). In another context, Mulberry leaf polysaccharides have been shown to significantly reduce fasting blood glucose and lipid levels, improve glucose and lipid metabolism, and mitigate IR, and these effects are mediated through the modulation of BAs metabolism, as evidenced by increased ileal expression of TGR5 and suppressed hepatic and ileal expression of FXR mRNA in T2DM rats (201). Collectively, these findings underscore the therapeutic potential of targeting the FXR/TGR5 axis through natural compounds and traditional medicines for the management of metabolic diseases. FXR and TGR5 are summarized in Figure 3.




Figure 3 | The molecular mechanism of BAs receptors ameliorate T2DM-IR.(By Figdraw)FXR and TGR5 are key BAs receptors that are highly expressed in tissues such as the liver and intestine, responding to bile acid pool composition and inhibiting inflammation, helping to prevent insulin resistance. These metabolites can act on the gut and liver through different signaling pathways, thus triggering different physiological and biochemical reactions.






6.3 Other receptors

The liver, as the central organ for glucose metabolism, plays a crucial role in maintaining energy homeostasis within the body. In recent years, pregnane X receptor (PXR), a member of the nuclear receptor superfamily, has been identified to be involved in regulating hepatic sugar metabolism and is closely associated with the development of obesity and IR (202, 203). PXR exhibits abundant expression in both the liver and intestine, where it governs the expression of downstream target genes (204). The activation of PXR receptors was observed to induce an up-regulation of the lipid receptor Peroxisome proliferators-activated receptors γ in the liver, thereby promoting hepatocyte steatosis (205). This effect further exacerbates hepatic burden and may lead to hepatic IR. Furthermore, PXR knockout mice fed a high-fat diet exhibit inhibited weight gain, hepatic steatosis, IR, and gluconeogenesis (206). The Vitamin D Receptor (VDR) receptor, which is highly expressed in islet β cells, plays a significant role in reducing islet inflammation, protecting β cell function, and preventing T2DM (207). Moreover, activation of the VDR receptor in liver macrophages not only alleviates inflammation and liver steatosis but also improves insulin sensitivity and effectively addresses IR (208).





7 Limitation

BAs, due to their intricate associations with lipid and glucose metabolism, have emerged as a focal point in the realm of metabolic disease research. Extensive studies have eloquently elucidated the pivotal role of BAs in glycolipid metabolism, and a thorough dissection of their physiological and pathological alterations is paramount to unraveling the underlying mechanisms of IR and T2DM (130, 158, 209). Nonetheless, the exploration of the impact of BAs on glycemic responses in both healthy and diseased states in humans remains fraught with numerous challenges and limitations especially at the level of TCM research. BAs are not a singular molecular entity but rather a complex system comprised of diverse metabolites, each possessing distinct biological activities. The mechanisms of action of these metabolites in glucose metabolism are varied and, in part, remain uncharted. Secondly, species differences pose another significant barrier. Fundamental disparities in BAs biology exist between mice and humans, complicating the direct translation of findings from mouse models to human applications (63). This cross-species divergence amplifies the difficulty in converting experimental results into clinical practices. Furthermore, the intricate individual variability of the human gut microbiome profoundly influences the diversity of gut microbial community structures, subsequently shaping unique BAs metabolic profiles (37). This variability serves as a significance for the progression of diseases and the variability in responses to BAs regulatory therapies. This phenomenon closely aligns with the concept of “constitution” in TCM, reflecting deep-seated differences in the physiology and pathology of individuals (210). In the face of challenges posed by individual variability in the practical application of BAs-related treatment strategies, TCM, with its unique approach to constitutional identification and treatment philosophy, offers new perspectives and possibilities for precision medicine. While TCM demonstrates potential in modulating gut microbiota and influencing BAs metabolism, evidence for the effective translation of animal model findings to human clinical trials is currently lacking. This underscores the need for enhanced interdisciplinary collaboration and optimized research designs in future studies to better evaluate the efficacy and safety of TCM in treating T2DM and IR through the gut microbiota-BAs axis. In summary, despite some progress, research on BAs as a key target for treating T2DM faces numerous limitations. Future studies must adopt more precise and personalized strategies to address these challenges, driving further advancements in this field.




8 Conclusions

The regulatory role of BAs in the gut-liver axis is of central importance for alleviating IR in T2DM. Current research has delved into the roles of the bile acid nuclear receptor FXR and the membrane receptor TGR5 in T2DM, with some studies in TCM also focusing on this area, emphasizing the potential of TCM in regulating BAs metabolism. Despite these advancements, the specific alterations in BAs levels, abnormalities in their composition, and their association with the pathogenic mechanisms in T2DM remain to be thoroughly explored. TCM boasts a long history and remarkable efficacy in the treatment of T2DM, highlighting holistic regulation and multi-target synergistic effects. Regrettably, in the realm of TCM research targeting T2DM through BAs regulation, there is a notable dearth of adequate modern scientific validation. Notably, the holistic and dynamic nature emphasized by metabolomics research on BAs and gut microbiota aligns well with the “concept of holism” in TCM, offering the potential for scientific explanations of multi-target and multi-pathway mechanisms of action. By taking the BAs metabolic pathway as an entry point and dissecting the complex mechanisms of TCM in T2DM treatment at a microscopic level, we may gain new research perspectives and methodologies, fostering deeper integration of Chinese and Western medicine. There is an urgent need to identify more effective strategies that precisely regulate and utilize BAs metabolism to improve IR in T2DM patients, thereby paving new avenues for the prevention and treatment of this global disease and significantly enhancing health status and quality of life.





Author contributions

YW: Conceptualization, Writing – original draft. JY: Writing – original draft. BC: Investigation, Writing – original draft. WJ: Investigation, Writing – original draft. MW: Visualization, Writing – original draft. XC: Supervision, Writing – original draft. MJ: Visualization, Writing – original draft. LS: Writing – review & editing. CP: Funding acquisition, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was supported by grants from the National Natural Science Foundation of China (82374380), Shenzhen Science and Technology Program (JCYJ20220531091409022), and the Sanming Project of Medicine in Shenzhen (SZZYSM202202010).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.




Abbreviations


AMPK, AMP-activated protein kinase; BAs, bile acids; BSH, bile salt hydrolases; CA, cholic acid; cAMP, Cyclic adenosine monophosphate; CDCA, chenodeoxychilic acid; CYP7A1, cholesterol 7 alpha-hydroxylase; CYP8B1, sterol 12α-hydroxylase; DCA, deoxycholic acid; FGF15/19, fibroblast growth factor 15/19; FGFR4, fibroblast growth factor receptor 4; FXR, farnesoid X receptor; GLP-1, glucagon-like peptide 1; HCA, hyocholic acid; HOMA-IR, homeostatic model assessment of insulin resistance; IR, insulin resistance; LCA, lithocholic acd; MCA, muricholic acid; NLRP3, NOD-like receptor family pyrin domain-containing 3; NF-κB, nuclear factor kappa-B; PKA, protein kinase A; PPARα, peroxisome proliferator-activated receptor alpha; SHP, small heterodimer partner; TCDCA, taurochenodeoxycholic acid; TCM, traditional chinese medicine; T2DM, type 2 diabetes mellitus; TGR5, takeda G-protein receptor 5; UDCA, ursodeoxycholic acid; VDR, Vitamin D Receptor.




References

1. Shi, Q, Yuan, X, Zeng, Y, Wang, J, Zhang, Y, Xue, C, et al. Crosstalk between gut microbiota and bile acids in cholestatic liver disease. Nutrients. (2023) 15. doi: 10.3390/nu15102411

2. Ichikawa, M, Okada, H, Nakamoto, N, Taniki, N, Chu, PS, and Kanai, T. The gut-liver axis in hepatobiliary diseases. Inflamm Regen. (2024) 44:2. doi: 10.1186/s41232-023-00315-0

3. Perino, A, and Schoonjans, K. Metabolic Messengers: bile acids. Nat Metab. (2022) 4:416–23. doi: 10.1038/s42255-022-00559-z

4. Vasques-Monteiro, IML, Fernandes-da-Silva, A, Miranda, CS, Silva-Veiga, FM, Daleprane, JB, and Souza-Mello, V. Anti-steatotic effects of PPAR-alpha and gamma involve gut-liver axis modulation in high-fat diet-fed mice. Mol Cell Endocrinol. (2024) 585:112177. doi: 10.1016/j.mce.2024.112177

5. Kim, KH, Park, D, Jia, B, Baek, JH, Hahn, Y, and Jeon, CO. Identification and characterization of major bile acid 7alpha-dehydroxylating bacteria in the human gut. mSystems. (2022) 7:e0045522. doi: 10.1128/msystems.00455-22

6. Collins, SL, Stine, JG, Bisanz, JE, Okafor, CD, and Patterson, AD. Bile acids and the gut microbiota: metabolic interactions and impacts on disease. Nat Rev Microbiol. (2023) 21:236–47. doi: 10.1038/s41579-022-00805-x

7. Zhu, Z, Xu, Y, Xia, Y, Jia, X, Chen, Y, Liu, Y, et al. Review on chronic metabolic diseases surrounding bile acids and gut microbiota: What we have explored so far. Life Sci. (2024) 336:122304. doi: 10.1016/j.lfs.2023.122304

8. Kiriyama, Y, and Nochi, H. Physiological role of bile acids modified by the gut microbiome. Microorganisms. (2021) 10. doi: 10.3390/microorganisms10010068

9. Sabahat, SE, Saqib, M, Talib, M, Shaikh, TG, Khan, T, and Kailash, SJ. Bile acid modulation by gut microbiota: a bridge to understanding cognitive health. Ann Med Surg (Lond). (2024) 86:5410–5. doi: 10.1097/MS9.0000000000002433

10. Groenen, CCJ, Nguyen, TA, Paulusma, CC, and van de Graaf, SFJ. Bile salt signaling and bile salt-based therapies in cardiometabolic disease. Clin Sci (Lond.). (2024) 138:1–21. doi: 10.1042/CS20230934

11. Jacinto, S, and Fang, S. Essential roles of bile acid receptors FXR and TGR5 as metabolic regulators. Anim Cells Syst. (2014) 18:359–64. doi: 10.1080/19768354.2014.987318

12. Tong, A, Li, Z, Liu, X, Ge, X, Zhao, R, Liu, B, et al. Laminaria japonica polysaccharide alleviates type 2 diabetes by regulating the microbiota-gut-liver axis: A multi-omics mechanistic analysis. Int J Biol Macromol. (2024) 258:128853. doi: 10.1016/j.ijbiomac.2023.128853

13. Li, W, Zhuang, T, Wang, Z, Wang, X, Liu, L, Luo, Y, et al. Red ginseng extracts ameliorate high-fat diet-induced obesity and insulin resistance by activating the intestinal TGR5-mediated bile acids signaling pathway. Phytomedicine. (2023) 119:154982. doi: 10.1016/j.phymed.2023.154982

14. Su, J, Tang, L, Luo, Y, Xu, J, and Ouyang, S. Research progress on drugs for diabetes based on insulin receptor/insulin receptor substrate. Biochem Pharmacol. (2023) 217:115830. doi: 10.1016/j.bcp.2023.115830

15. Ozmen, MM, Guldogan, CE, and Gundogdu, E. Changes in HOMA-IR index levels after bariatric surgery: Comparison of Single Anastomosis Duodenal Switch-proximal approach (SADS-p) and One Anastomosis Gastric Bypass-Mini Gastric Bypass (OAGB-MGB). Int J Surg. (2020) 78:36–41. doi: 10.1016/j.ijsu.2020.04.008

16. Chaudhury, A, Duvoor, C, Reddy Dendi, VS, Kraleti, S, Chada, A, Ravilla, R, et al. Clinical review of antidiabetic drugs: implications for type 2 diabetes mellitus management. Front Endocrinol (Lausanne). (2017) 8:6. doi: 10.3389/fendo.2017.00006

17. Obeso-Fernandez, J, Millan-Alanis, JM, Saenz-Flores, M, Rodriguez-Bautista, M, Medrano-Juarez, S, Oyervides-Fuentes, S, et al. Benefits of metabolic surgery on macrovascular outcomes in adult patients with type 2 diabetes: a systematic review and meta-analysis. Surg Obes Relat Dis. (2023). doi: 10.1016/j.soard.2023.08.016

18. Dludla, PV, Mabhida, SE, Ziqubu, K, Nkambule, BB, Mazibuko-Mbeje, SE, Hanser, S, et al. Pancreatic beta-cell dysfunction in type 2 diabetes: Implications of inflammation and oxidative stress. World J Diabetes. (2023) 14:130–46. doi: 10.4239/wjd.v14.i3.130

19. Yadav, U, Kumar, N, and Sarvottam, K. Role of obesity related inflammation in pathogenesis of peripheral artery disease in patients of type 2 diabetes mellitus. J Diabetes Metab Disord. (2023) 22:175–88. doi: 10.1007/s40200-023-01221-5

20. Bakhshimoghaddam, F, Jafarirad, S, Maraghi, E, and Ghorat, F. Association of dietary and lifestyle inflammation score with type 2 diabetes mellitus and cardiometabolic risk factors in Iranian adults: Sabzevar Persian Cohort Study. Br J Nutr. (2023). doi: 10.1017/S0007114523001903

21. Hashemi, M, Zandieh, MA, Ziaolhagh, S, Mojtabavi, S, Sadi, FH, Koohpar, ZK, et al. Nrf2 signaling in diabetic nephropathy, cardiomyopathy and neuropathy: Therapeutic targeting, challenges and future prospective. Biochim Biophys Acta Mol Basis Dis. (2023) 1869:166714. doi: 10.1016/j.bbadis.2023.166714

22. Sun, H, Saeedi, P, Karuranga, S, Pinkepank, M, Ogurtsova, K, Duncan, BB, et al. IDF Diabetes Atlas: Global, regional and country-level diabetes prevalence estimates for 2021 and projections for 2045. Diabetes Res Clin Pract. (2022) 183:109119. doi: 10.1016/j.diabres.2021.109119

23. Cloete, L. Diabetes mellitus: an overview of the types, symptoms, complications and management. Nurs. Stand. (2022) 37:61–6. doi: 10.7748/ns.2021.e11709

24. Xu, Y, Wang, L, He, J, Bi, Y, Li, M, Wang, T, et al. (2013) 310(9):948–59. doi: 10.1001/jama.2013.168118

25. Lan, Q, Li, X, Fang, J, Yu, X, Wu, ZE, Yang, C, et al. Comprehensive biomarker analysis of metabolomics in different syndromes in traditional Chinese medical for prediabetes mellitus. Chin Med. (2024) 19:114. doi: 10.1186/s13020-024-00983-1

26. Roden, M, and Shulman, GI. The integrative biology of type 2 diabetes. Nature. (2019) 576:51–60. doi: 10.1038/s41586-019-1797-8

27. Lan, Q, Fang, J, Yu, X, Yang, C, Lin, X, Wu, J, et al. Analysis of traditional Chinese medicine syndrome elements and clinical symptoms in prediabetes: A systematic review. Med (Baltimore). (2024) 103:e36789. doi: 10.1097/MD.0000000000036789

28. Zhang, PX, Zeng, L, Meng, L, Li, HL, Zhao, HX, and Liu, DL. Observation on clinical effect of Huoxue-Jiangtang decoction formula granules in treating prediabetes: a randomized prospective placebo-controlled double-blind trial protocol. BMC Complement Med Ther. (2022) 22:274. doi: 10.1186/s12906-022-03755-2

29. Jiang, L, Zhang, Y, Zhang, H, Chen, Y, Huang, W, Xiao, Y, et al. Comparative efficacy of 6 traditional Chinese patent medicines combined with lifestyle modification in patients with prediabetes: A network meta-analysis. Diabetes Res Clin Pract. (2022) 188:109878. doi: 10.1016/j.diabres.2022.109878

30. Liu, J, Yao, C, Wang, Y, Zhao, J, and Luo, H. Non-drug interventions of traditional Chinese medicine in preventing type 2 diabetes: a review. Chin Med. (2023) 18:151. doi: 10.1186/s13020-023-00854-1

31. Hu, S, Hu, Y, Long, P, Li, P, Chen, P, and Wang, X. The effect of tai chi intervention on NLRP3 and its related antiviral inflammatory factors in the serum of patients with pre-diabetes. Front Immunol. (2022) 13:1026509. doi: 10.3389/fimmu.2022.1026509

32. Yang, T, Shu, T, Liu, G, Mei, H, Zhu, X, Huang, X, et al. Quantitative profiling of 19 bile acids in rat plasma, liver, bile and different intestinal section contents to investigate bile acid homeostasis and the application of temporal variation of endogenous bile acids. J Steroid Biochem Mol Biol. (2017) 172:69–78. doi: 10.1016/j.jsbmb.2017.05.015

33. Xing, C, Huang, X, Wang, D, Yu, D, Hou, S, Cui, H, et al. Roles of bile acids signaling in neuromodulation under physiological and pathological conditions. Cell Biosci. (2023) 13:106. doi: 10.1186/s13578-023-01053-z

34. Li, T, Owsley, E, Matozel, M, Hsu, P, Novak, CM, and Chiang, JY. Transgenic expression of cholesterol 7alpha-hydroxylase in the liver prevents high-fat diet-induced obesity and insulin resistance in mice. Hepatology. (2010) 52:678–90. doi: 10.1002/hep.23721

35. Schwarz, M, Russell, DW, Dietschy, JM, and Turley, SD. Marked reduction in bile acid synthesis in cholesterol 7α-hydroxylase-deficient mice does not lead to diminished tissue cholesterol turnover or to hypercholesterolemia. J Lipid Res. (1998) 39:1833–43. doi: 10.1016/S0022-2275(20)32171-4

36. Chiang, JYL, and Ferrell, JM. Bile acid metabolism in liver pathobiology. Gene Expression. (2018) 18:71–87. doi: 10.3727/105221618x15156018385515

37. Min, YW, Rezaie, A, and Pimentel, M. Bile acid and gut microbiota in irritable bowel syndrome. J Neurogastroenterol. Motil. (2022) 28:549–61. doi: 10.5056/jnm22129

38. Droge, C, Bonus, M, Baumann, U, Klindt, C, Lainka, E, Kathemann, S, et al. Sequencing of FIC1, BSEP and MDR3 in a large cohort of patients with cholestasis revealed a high number of different genetic variants. J Hepatol. (2017) 67:1253–64. doi: 10.1016/j.jhep.2017.07.004

39. Martinez-Augustin, O, and Sanchez de Medina, F. Intestinal bile acid physiology and pathophysiology. World J Gastroenterol. (2008) 14:5630–40. doi: 10.3748/wjg.14.5630

40. Li, Z, Yuan, H, Chu, H, and Yang, L. The crosstalk between gut microbiota and bile acids promotes the development of non-alcoholic fatty liver disease. Microorganisms. (2023) 11. doi: 10.3390/microorganisms11082059

41. Chen, B, Bai, Y, Tong, F, Yan, J, Zhang, R, Zhong, Y, et al. Glycoursodeoxycholic acid regulates bile acids level and alters gut microbiota and glycolipid metabolism to attenuate diabetes. Gut Microbes. (2023) 15:2192155. doi: 10.1080/19490976.2023.2192155

42. Sun, L, Li, F, Tan, W, Zhao, W, Li, Y, Zhu, X, et al. Lithocholic acid promotes skeletal muscle regeneration through the TGR5 receptor. Acta Biochim Biophys Sin (Shanghai). (2023) 55:51–61. doi: 10.3724/abbs.2022201

43. Chavez-Talavera, O, Wargny, M, Pichelin, M, Descat, A, Vallez, E, Kouach, M, et al. Bile acids associate with glucose metabolism, but do not predict conversion from impaired fasting glucose to diabetes. Metabolism. (2020) 103:154042. doi: 10.1016/j.metabol.2019.154042

44. Yin, C, Zhong, R, Zhang, W, Liu, L, Chen, L, and Zhang, H. The potential of bile acids as biomarkers for metabolic disorders. Int J Mol Sci. (2023) 24. doi: 10.3390/ijms241512123

45. Larabi, AB, Masson, HLP, and Baumler, AJ. Bile acids as modulators of gut microbiota composition and function. Gut Microbes. (2023) 15:2172671. doi: 10.1080/19490976.2023.2172671

46. Shulpekova, Y, Shirokova, E, Zharkova, M, Tkachenko, P, Tikhonov, I, Stepanov, A, et al. A recent ten-year perspective: bile acid metabolism and signaling. Molecules. (2022) 27. doi: 10.3390/molecules27061983

47. Choudhuri, S, and Klaassen, CD. Molecular regulation of bile acid homeostasis. Drug Metab Dispos. (2022) 50:425–55. doi: 10.1124/dmd.121.000643

48. Gerard, P. Metabolism of cholesterol and bile acids by the gut microbiota. Pathogens. (2013) 3:14–24. doi: 10.3390/pathogens3010014

49. de Boer, JF, Bloks, VW, Verkade, E, Heiner-Fokkema, MR, and Kuipers, F. New insights in the multiple roles of bile acids and their signaling pathways in metabolic control. Curr Opin Lipidol. (2018) 29:194–202. doi: 10.1097/mol.0000000000000508

50. He, S, Li, L, Yao, Y, Su, J, Lei, S, Zhang, Y, et al. Bile acid and its bidirectional interactions with gut microbiota: a review. Crit Rev Microbiol. (2023). doi: 10.1080/1040841X.2023.2262020

51. Guzior, DV, and Quinn, RA. Review: microbial transformations of human bile acids. Microbiome. (2021) 9:140. doi: 10.1186/s40168-021-01101-1

52. Takahashi, S, Luo, Y, Ranjit, S, Xie, C, Libby, AE, Orlicky, DJ, et al. Bile acid sequestration reverses liver injury and prevents progression of nonalcoholic steatohepatitis in Western diet-fed mice. J Biol Chem. (2020) 295:4733–47. doi: 10.1074/jbc.RA119.011913

53. Tian, Y, Gui, W, Koo, I, Smith, PB, Allman, EL, Nichols, RG, et al. The microbiome modulating activity of bile acids. Gut Microbes. (2020) 11:979–96. doi: 10.1080/19490976.2020.1732268

54. Urdaneta, V, and Casadesus, J. Interactions between bacteria and bile salts in the gastrointestinal and hepatobiliary tracts. Front Med (Lausanne). (2017) 4:163. doi: 10.3389/fmed.2017.00163

55. Shi, L, Jin, L, and Huang, W. Bile acids, intestinal barrier dysfunction, and related diseases. Cells. (2023) 12. doi: 10.3390/cells12141888

56. Zheng, X, Chen, T, Jiang, R, Zhao, A, Wu, Q, Kuang, J, et al. Hyocholic acid species improve glucose homeostasis through a distinct TGR5 and FXR signaling mechanism. Cell Metab. (2021) 33:791–803 e7. doi: 10.1016/j.cmet.2020.11.017

57. Wang, Q, Lin, H, Shen, C, Zhang, M, Wang, X, Yuan, M, et al. Gut microbiota regulates postprandial GLP-1 response via ileal bile acid-TGR5 signaling. Gut Microbes. (2023) 15:2274124. doi: 10.1080/19490976.2023.2274124

58. Martin, AM, Yabut, JM, Choo, JM, Page, AJ, Sun, EW, Jessup, CF, et al. The gut microbiome regulates host glucose homeostasis via peripheral serotonin. Proc Natl Acad Sci U. S. A. (2019) 116:19802–4. doi: 10.1073/pnas.1909311116

59. Qin, J, Wei, X, Cao, M, and Shi, B. Non-12alpha-hydroxylated bile acids improve piglet growth performance by improving intestinal flora, promoting intestinal development and bile acid synthesis. Anim (Basel). (2023) 13. doi: 10.3390/ani13213380

60. Wei, M, Huang, F, Zhao, L, Zhang, Y, Yang, W, Wang, S, et al. A dysregulated bile acid-gut microbiota axis contributes to obesity susceptibility. EBioMedicine. (2020) 55:102766. doi: 10.1016/j.ebiom.2020.102766

61. Zhang, F, Yuan, W, Wei, Y, Zhang, D, Duan, Y, Li, B, et al. The alterations of bile acids in rats with high-fat diet/streptozotocin-induced type 2 diabetes and their negative effects on glucose metabolism. Life Sci. (2019) 229:80–92. doi: 10.1016/j.lfs.2019.05.031

62. Molinaro, A, Wahlstrom, A, and Marschall, HU. Role of bile acids in metabolic control. Trends Endocrinol Metab. (2018) 29:31–41. doi: 10.1016/j.tem.2017.11.002

63. de Boer, JF, Verkade, E, Mulder, NL, de Vries, HD, Huijkman, N, Koehorst, M, et al. A human-like bile acid pool induced by deletion of hepatic Cyp2c70 modulates effects of FXR activation in mice. J Lipid Res. (2020) 61:291–305. doi: 10.1194/jlr.RA119000243

64. Zhu, X, Xia, E-Q, Liu, Y-G, Li, W-Q, Xin, Y, Lin, X-Z, et al. Characterization and quantification of representative bile acids in ileal contents and feces of diet-induced obese mice by UPLC-MS/MS. Chin J Analytical Chem. (2023) 51. doi: 10.1016/j.cjac.2022.100175

65. Miyazaki, T, Ueda, H, Ikegami, T, and Honda, A. Upregulation of taurine biosynthesis and bile acid conjugation with taurine through FXR in a mouse model with human-like bile acid composition. Metabolites. (2023) 13. doi: 10.3390/metabo13070824

66. Crommen, S, and Simon, MC. Microbial regulation of glucose metabolism and insulin resistance. Genes (Basel). (2017) 9. doi: 10.3390/genes9010010

67. Atzeni, A, Bastiaanssen, TFS, Cryan, JF, Tinahones, FJ, Vioque, J, Corella, D, et al. Taxonomic and functional fecal microbiota signatures associated with insulin resistance in non-diabetic subjects with overweight/obesity within the frame of the PREDIMED-plus study. Front Endocrinol (Lausanne). (2022) 13:804455. doi: 10.3389/fendo.2022.804455

68. Almugadam, BS, Yang, P, and Tang, L. Analysis of jejunum microbiota of HFD/STZ diabetic rats. Biomed Pharmacother. (2021) 138:111094. doi: 10.1016/j.biopha.2020.111094

69. Jiang, Q, Chen, L, Wang, R, Chen, Y, Deng, S, Shen, G, et al. Hypoglycemic mechanism of Tegillarca granosa polysaccharides on type 2 diabetic mice by altering gut microbiota and regulating the PI3K-akt signaling pathwaye. Food Sci Hum Wellness. (2024) 13:842–55. doi: 10.26599/fshw.2022.9250072

70. Zuo, Z, Pang, W, Sun, W, Lu, B, Zou, L, Zhang, D, et al. Metallothionein-kidney bean polyphenol complexes showed antidiabetic activity in type 2 diabetic rats by improving insulin resistance and regulating gut microbiota. Foods. (2023) 12. doi: 10.3390/foods12163139

71. Ma, L, La, X, Zhang, B, Xu, W, Tian, C, Fu, Q, et al. Total Astragalus saponins can reverse type 2 diabetes mellitus-related intestinal dysbiosis and hepatic insulin resistance in vivo. Front Endocrinol (Lausanne). (2023) 14:1190827. doi: 10.3389/fendo.2023.1190827

72. Rena, G, Hardie, DG, and Pearson, ER. The mechanisms of action of metformin. Diabetologia. (2017) 60:1577–85. doi: 10.1007/s00125-017-4342-z

73. Sun, L, Xie, C, Wang, G, Wu, Y, Wu, Q, Wang, X, et al. Gut microbiota and intestinal FXR mediate the clinical benefits of metformin. Nat Med. (2018) 24:1919–29. doi: 10.1038/s41591-018-0222-4

74. Xu, J, Wang, R, You, S, Zhang, L, Zheng, P, Ji, G, et al. Traditional Chinese medicine Lingguizhugan decoction treating non-alcoholic fatty liver disease with spleen-yang deficiency pattern: Study protocol for a multicenter randomized controlled trial. Trials. (2020) 21. doi: 10.1186/s13063-020-04362-7

75. Hui, D, Liu, L, Azami, NLB, Song, J, Huang, Y, Xu, W, et al. The spleen-strengthening and liver-draining herbal formula treatment of non-alcoholic fatty liver disease by regulation of intestinal flora in clinical trial. Front Endocrinol (Lausanne). (2023) 13:1107071. doi: 10.3389/fendo.2022.1107071

76. Li, J, Qiang, FU, Shidong, W, Jinxi, Z, Yu, C, Jiayue, LI, et al. Effects of Shenlian formula on microbiota and inflammatory cytokines in adults with type 2 diabetes: a double-blind randomized clinical trial. J Tradit. Chin Med. (2023) 43:760–9. doi: 10.19852/j.cnki.jtcm.20230608.003

77. Peng, Z, and Zheng, Y. Ganjiang Huangqin Huanglian Renshen Decoction improves insulin sensitivity by regulating intestinal flora in rats with Type 2 diabetes mellitus. Trop J Pharm Res. (2023) 22:833–9. doi: 10.4314/tjpr.v22i4.16

78. Li, M, Cheng, D, Peng, C, Huang, Y, Geng, J, Huang, G, et al. Therapeutic mechanisms of the medicine and food homology formula Xiao-Ke-Yin on glucolipid metabolic dysfunction revealed by transcriptomics, metabolomics and microbiomics in mice. Chin Med. (2023) 18:57. doi: 10.1186/s13020-023-00752-6

79. Andreasen, AS, Larsen, N, Pedersen-Skovsgaard, T, Berg, RM, Moller, K, Svendsen, KD, et al. Effects of Lactobacillus acidophilus NCFM on insulin sensitivity and the systemic inflammatory response in human subjects. Br J Nutr. (2010) 104:1831–8. doi: 10.1017/S0007114510002874

80. Wang, X, Sun, X, Abulizi, A, Xu, J, He, Y, Chen, Q, et al. Effects of salvianolic acid A on intestinal microbiota and lipid metabolism disorders in Zucker diabetic fatty rats. Diabetol Metab Syndr. (2022) 14:135. doi: 10.1186/s13098-022-00868-z

81. Ma, Q, Zhai, R, Xie, X, Chen, T, Zhang, Z, Liu, H, et al. Hypoglycemic Effects of Lycium barbarum Polysaccharide in Type 2 Diabetes Mellitus Mice via Modulating Gut Microbiota. Front Nutr. (2022) 9:916271. doi: 10.3389/fnut.2022.916271

82. Zhang, Y, Xu, Y, Zhang, L, Chen, Y, Wu, T, Liu, R, et al. Licorice extract ameliorates hyperglycemia through reshaping gut microbiota structure and inhibiting TLR4/NF-kappaB signaling pathway in type 2 diabetic mice. Food Res Int. (2022) 153:110945. doi: 10.1016/j.foodres.2022.110945

83. Zhu, HY, Liu, Y, Li, JR, Liu, YH, Rong, ZL, Li, YT, et al. Effect and mechanism of Puerariae Lobatae Radix in alleviating insulin resistance in T2DM db/db mice based on intestinal flora. Zhongguo Zhong Yao Za Zhi. (2023) 48:4693–701. doi: 10.19540/j.cnki.cjcmm.20230418.402

84. Yang, Y, Yan, J, Li, S, Liu, M, Han, R, Wang, Y, et al. Efficacy of fecal microbiota transplantation in type 2 diabetes mellitus: a systematic review and meta-analysis. Endocrine. (2023). doi: 10.1007/s12020-023-03606-1

85. Yefet, E, Bar, L, Izhaki, I, Iskander, R, Massalha, M, Younis, JS, et al. Effects of probiotics on glycemic control and metabolic parameters in gestational diabetes mellitus: systematic review and meta-analysis. Nutrients. (2023) 15. doi: 10.3390/nu15071633

86. Guan, Z, Luo, L, Liu, S, Guan, Z, Zhang, Q, Wu, Z, et al. The role of TGR5 as an onco-immunological biomarker in tumor staging and prognosis by encompassing the tumor microenvironment. Front Oncol. (2022) 12:953091. doi: 10.3389/fonc.2022.953091

87. de Groot, P, Scheithauer, T, Bakker, GJ, Prodan, A, Levin, E, Khan, MT, et al. Donor metabolic characteristics drive effects of faecal microbiota transplantation on recipient insulin sensitivity, energy expenditure and intestinal transit time. Gut. (2020) 69:502–12. doi: 10.1136/gutjnl-2019-318320

88. Kootte, RS, Levin, E, Salojarvi, J, Smits, LP, Hartstra, AV, Udayappan, SD, et al. Improvement of insulin sensitivity after lean donor feces in metabolic syndrome is driven by baseline intestinal microbiota composition. Cell Metab. (2017) 26:611–619 e6. doi: 10.1016/j.cmet.2017.09.008

89. Zhang, X, Li, Q, Han, N, Song, C, Lin, Y, Zhang, L, et al. Effects of Fu brick tea polysaccharides on gut microbiota and fecal metabolites of HFD/STZ-induced type 2 diabetes rats. Food Funct. (2023) 14:10910–23. doi: 10.1039/d3fo04215d

90. Gong, P, Xiao, X, Wang, S, Shi, F, Liu, N, Chen, X, et al. Hypoglycemic effect of astragaloside IV via modulating gut microbiota and regulating AMPK/SIRT1 and PI3K/AKT pathway. J Ethnopharmacol. (2021) 281:114558. doi: 10.1016/j.jep.2021.114558

91. Du, L, Li, Q, Yi, H, Kuang, T, Tang, Y, and Fan, G. Gut microbiota-derived metabolites as key actors in type 2 diabetes mellitus. Biomed Pharmacother. (2022) 149:112839. doi: 10.1016/j.biopha.2022.112839

92. Koh, A, Molinaro, A, Stahlman, M, Khan, MT, Schmidt, C, Manneras-Holm, L, et al. Microbially Produced Imidazole Propionate Impairs Insulin Signaling through mTORC1. Cell. (2018) 175:947–+. doi: 10.1016/j.cell.2018.09.055

93. Sarmiento-Ortega, VE, Moroni-Gonzalez, D, Diaz, A, Garcia-Gonzalez, MA, Brambila, E, and Trevino, S. Hepatic insulin resistance model in the male wistar rat using exogenous insulin glargine administration. Metabolites. (2023) 13. doi: 10.3390/metabo13040572

94. Oeztuerk, M, Kilicsaymaz, Z, and Oenal, C. Site-directed mutagenesis of bile salt hydrolase (BSH) from lactobacillus plantarum B14 confirms the importance of the V58 and Y65 amino acids for activity and substrate specificity. Food Biotechnol. (2023) 37:74–88. doi: 10.1080/08905436.2022.2164299

95. Zhou, YF, Nie, J, Shi, C, Zheng, WW, Ning, K, Kang, J, et al. Lysimachia christinae polysaccharide attenuates diet-induced hyperlipidemia via modulating gut microbes-mediated FXR-FGF15 signaling pathway. Int J Biol Macromol. (2023) 248:125725. doi: 10.1016/j.ijbiomac.2023.125725

96. Sun, L, Zhang, Y, Cai, J, Rimal, B, Rocha, ER, Coleman, JP, et al. Bile salt hydrolase in non-enterotoxigenic Bacteroides potentiates colorectal cancer. Nat Commun. (2023) 14:755. doi: 10.1038/s41467-023-36089-9

97. Gu, Y, Wang, X, Li, J, Zhang, Y, Zhong, H, Liu, R, et al. Analyses of gut microbiota and plasma bile acids enable stratification of patients for antidiabetic treatment. Nat Commun. (2017) 8:1785. doi: 10.1038/s41467-017-01682-2

98. Wang, K, Liao, M, Zhou, N, Bao, L, Ma, K, Zheng, Z, et al. Parabacteroides distasonis Alleviates Obesity and Metabolic Dysfunctions via Production of Succinate and Secondary Bile Acids. Cell Rep. (2019) 26:222–235 e5. doi: 10.1016/j.celrep.2018.12.028

99. Debedat, J, Le Roy, T, Voland, L, Belda, E, Alili, R, Adriouch, S, et al. The human gut microbiota contributes to type-2 diabetes non-resolution 5-years after Roux-en-Y gastric bypass. Gut Microbes. (2022) 14:2050635. doi: 10.1080/19490976.2022.2050635

100. Liu, J, Tan, Y, Ao, H, Feng, W, and Peng, C. Aqueous extracts of Aconite promote thermogenesis in rats with hypothermia via regulating gut microbiota and bile acid metabolism. Chin Med. (2021) 16:29. doi: 10.1186/s13020-021-00437-y

101. Ren, Z, Zhao, L, Zhao, M, Bao, T, Chen, T, Zhao, A, et al. Increased intestinal bile acid absorption contributes to age-related cognitive impairment. Cell Rep Med. (2024). doi: 10.1016/j.xcrm.2024.101543

102. Tilg, H, Zmora, N, Adolph, TE, and Elinav, E. The intestinal microbiota fuelling metabolic inflammation. Nat Rev Immunol. (2020) 20:40–54. doi: 10.1038/s41577-019-0198-4

103. Abdel-Tawwab, M, Abdel-Latif, HMR, Basuini, MFE, El-Nokrashy, AM, Khaled, AA, Kord, M, et al. Effects of exogenous bile acids (BAs) on growth, lipid profile, digestive enzymes, and immune responses of thinlip mullet, Liza ramada. Sci Rep. (2023) 13:22875. doi: 10.1038/s41598-023-49788-6

104. Filippello, A, Di Mauro, S, Scamporrino, A, Malaguarnera, R, Torrisi, SA, Leggio, GM, et al. High glucose exposure impairs L-cell differentiation in intestinal organoids: molecular mechanisms and clinical implications. Int J Mol Sci. (2021) 22. doi: 10.3390/ijms22136660

105. Tomkin, GH, and Owens, D. Obesity diabetes and the role of bile acids in metabolism. J Transl Int Med. (2016) 4:73–80. doi: 10.1515/jtim-2016-0018

106. Jia, H, and Dong, N. Effects of bile acid metabolism on intestinal health of livestock and poultry. J Anim. Physiol Anim. Nutr (Berl.). (2024). doi: 10.1111/jpn.13969

107. Sannasiddappa, TH, Lund, PA, and Clarke, SR. In vitro antibacterial activity of unconjugated and conjugated bile salts on staphylococcus aureus. Front Microbiol. (2017) 8:1581. doi: 10.3389/fmicb.2017.01581

108. Funabashi, M, Grove, TL, Wang, M, Varma, Y, McFadden, ME, Brown, LC, et al. A metabolic pathway for bile acid dehydroxylation by the gut microbiome. Nature. (2020) 582:566–70. doi: 10.1038/s41586-020-2396-4

109. Sorrentino, G, Perino, A, Yildiz, E, El Alam, G, Bou Sleiman, M, Gioiello, A, et al. Bile acids signal via TGR5 to activate intestinal stem cells and epithelial regeneration. Gastroenterology. (2020) 159:956–968 e8. doi: 10.1053/j.gastro.2020.05.067

110. Jain, U, Lai, CW, Xiong, S, Goodwin, VM, Lu, Q, Muegge, BD, et al. Temporal regulation of the bacterial metabolite deoxycholate during colonic repair is critical for crypt regeneration. Cell Host Microbe. (2018) 24:353–363 e5. doi: 10.1016/j.chom.2018.07.019

111. Calzadilla, N, Comiskey, SM, Dudeja, PK, Saksena, S, Gill, RK, and Alrefai, WA. Bile acids as inflammatory mediators and modulators of intestinal permeability. Front Immunol. (2022) 13:1021924. doi: 10.3389/fimmu.2022.1021924

112. Song, M, Ye, J, Zhang, F, Su, H, Yang, X, He, H, et al. Chenodeoxycholic Acid (CDCA) Protects against the Lipopolysaccharide-Induced Impairment of the Intestinal Epithelial Barrier Function via the FXR-MLCK Pathway. J Agric Food Chem. (2019) 67:8868–74. doi: 10.1021/acs.jafc.9b03173

113. Ma, Y, Shan, K, Huang, Z, Zhao, D, Zhang, M, Ke, W, et al. Bile acid derivatives effectively prevented high-fat diet-induced colonic barrier dysfunction. Mol Nutr Food Res. (2023) 67:e2200649. doi: 10.1002/mnfr.202200649

114. Golden, JM, Escobar, OH, Nguyen, MVL, Mallicote, MU, Kavarian, P, Frey, MR, et al. Ursodeoxycholic acid protects against intestinal barrier breakdown by promoting enterocyte migration via EGFR- and COX-2-dependent mechanisms. Am J Physiol Gastrointest. Liver Physiol. (2018) 315:G259–71. doi: 10.1152/ajpgi.00354.2017

115. Jia, F, Du, L, He, J, Zhang, Z, Hou, X, Dong, Q, et al. Tong-Xie-Yao-Fang strengthens intestinal feedback control of bile acid synthesis to ameliorate irritable bowel syndrome by enhancing bile salt hydrolase-expressing microbiota. J Ethnopharmacol. (2024) 331:118256. doi: 10.1016/j.jep.2024.118256

116. Gou, H, Su, H, Liu, D, Wong, CC, Shang, H, Fang, Y, et al. Traditional medicine pien tze huang suppresses colorectal tumorigenesis through restoring gut microbiota and metabolites. Gastroenterology. (2023) 165:1404–19. doi: 10.1053/j.gastro.2023.08.052

117. Li, B, Zhang, Y, Liu, X, Zhang, Z, Zhuang, S, Zhong, X, et al. Traditional Chinese medicine Pien-Tze-Huang ameliorates LPS-induced sepsis through bile acid-mediated activation of TGR5-STAT3-A20 signalling. J Pharm Anal. (2024) 14:100915. doi: 10.1016/j.jpha.2023.12.005

118. Makki, K, Brolin, H, Petersen, N, Henricsson, M, Christensen, DP, Khan, MT, et al. 6alpha-hydroxylated bile acids mediate TGR5 signalling to improve glucose metabolism upon dietary fiber supplementation in mice. Gut. (2023) 72:314–24. doi: 10.1136/gutjnl-2021-326541

119. Zhang, W, Tang, Y, Huang, J, Yang, Y, Yang, Q, and Hu, H. Efficacy of inulin supplementation in improving insulin control, HbA1c and HOMA-IR in patients with type 2 diabetes: a systematic review and meta-analysis of randomized controlled trials. J Clin Biochem Nutr. (2020) 66:176–83. doi: 10.3164/jcbn.19-103

120. Li, X, Yang, J, Zhou, X, Dai, C, Kong, M, Xie, L, et al. Ketogenic diet-induced bile acids protect against obesity through reduced calorie absorption. Nat Metab. (2024) 6:1397–414. doi: 10.1038/s42255-024-01072-1

121. Fu, T, Huan, T, Rahman, G, Zhi, H, Xu, Z, Oh, TG, et al. Paired microbiome and metabolome analyses associate bile acid changes with colorectal cancer progression. Cell Rep. (2023) 42:112997. doi: 10.1016/j.celrep.2023.112997

122. Thorning, TK, Raziani, F, Bendsen, NT, Astrup, A, Tholstrup, T, and Raben, A. Diets with high-fat cheese, high-fat meat, or carbohydrate on cardiovascular risk markers in overweight postmenopausal women: a randomized crossover trial. Am J Clin Nutr. (2015) 102:573–81. doi: 10.3945/ajcn.115.109116

123. Wan, Y, Yuan, J, Li, J, Li, H, Zhang, J, Tang, J, et al. Unconjugated and secondary bile acid profiles in response to higher-fat, lower-carbohydrate diet and associated with related gut microbiota: A 6-month randomized controlled-feeding trial. Clin Nutr. (2020) 39:395–404. doi: 10.1016/j.clnu.2019.02.037

124. Shimoda, T, Shimizu, H, Iwasaki, W, Liu, H, Kamo, Y, Tada, K, et al. A diet supplemented with cholic acid elevates blood pressure accompanied by albuminuria in rats. Biosci Biotechnol Biochem. (2023) 87:434–41. doi: 10.1093/bbb/zbad004

125. Wang, D, Doestzada, M, Chen, L, Andreu-Sanchez, S, van den Munckhof, ICL, Augustijn, HE, et al. Characterization of gut microbial structural variations as determinants of human bile acid metabolism. Cell Host Microbe. (2021) 29:1802–1814 e5. doi: 10.1016/j.chom.2021.11.003

126. Yang, M, Zheng, X, Fan, J, Cheng, W, Yan, TM, Lai, Y, et al. Antibiotic-Induced Gut Microbiota Dysbiosis Modulates Host Transcriptome and m(6)A Epitranscriptome via Bile Acid Metabolism. Adv Sci (Weinh). (2024) 11:e2307981. doi: 10.1002/advs.202307981

127. Sen, P, Fan, Y, Schlezinger, JJ, Ehrlich, SD, Webster, TF, Hyotylainen, T, et al. Exposure to environmental toxicants is associated with gut microbiome dysbiosis, insulin resistance and obesity. Environ Int. (2024) 186:108569. doi: 10.1016/j.envint.2024.108569

128. Palmiotti, A, Berk, KA, Koehorst, M, Hovingh, MV, Pranger, AT, van Faassen, M, et al. Reversal of insulin resistance in people with obesity by lifestyle-induced weight loss does not impact the proportion of circulating 12alpha-hydroxylated bile acids. Diabetes Obes Metab. (2024) 26:4019–29. doi: 10.1111/dom.15754

129. Li, M, Wang, S, Li, Y, Zhao, M, Kuang, J, Liang, D, et al. Gut microbiota-bile acid crosstalk contributes to the rebound weight gain after calorie restriction in mice. Nat Commun. (2022) 13:2060. doi: 10.1038/s41467-022-29589-7

130. Heianza, Y, Wang, X, Rood, J, Clish, CB, Bray, GA, Sacks, FM, et al. Changes in circulating bile acid subtypes in response to weight-loss diets are associated with improvements in glycemic status and insulin resistance: The POUNDS Lost trial. Metabolism. (2022) 136:155312. doi: 10.1016/j.metabol.2022.155312

131. Fiorucci, S, and Distrutti, E. Bile acid-activated receptors, intestinal microbiota, and the treatment of metabolic disorders. Trends Mol Med. (2015) 21:702–14. doi: 10.1016/j.molmed.2015.09.001

132. Pan, T, Li, X, Guo, X, Wang, H, Zhou, X, Shang, R, et al. Electroacupuncture improves insulin resistance in type 2 diabetes mice by regulating intestinal flora and bile acid. Diabetes Metab Syndr Obes. (2023) 16:4025–42. doi: 10.2147/DMSO.S421134

133. Sun, W, Zhang, D, Wang, Z, Sun, J, Xu, B, Chen, Y, et al. Insulin resistance is associated with total bile acid level in type 2 diabetic and nondiabetic population: A cross-sectional study. Med (Baltimore). (2016) 95:e2778. doi: 10.1097/MD.0000000000002778

134. Mantovani, A, Dalbeni, A, Peserico, D, Cattazzo, F, Bevilacqua, M, Salvagno, GL, et al. Plasma bile acid profile in patients with and without type 2 diabetes. Metabolites. (2021) 11. doi: 10.3390/metabo11070453

135. Jideonwo, V, Hou, Y, Ahn, M, Surendran, S, and Morral, N. Impact of silencing hepatic SREBP-1 on insulin signaling. PloS One. (2018) 13:e0196704. doi: 10.1371/journal.pone.0196704

136. Jiang, Y, Qu, K, Liu, J, Wen, Y, and Duan, B. Metabolomics study on liver of db/db mice treated with curcumin using UPLC-Q-TOF-MS. J Pharm Biomed Anal. (2022) 215:114771. doi: 10.1016/j.jpba.2022.114771

137. Mooranian, A, Zamani, N, Takechi, R, Al-Sallami, H, Mikov, M, Golocorbin-Kon, S, et al. Probucol-poly(meth)acrylate-bile acid nanoparticles increase IL-10, and primary bile acids in prediabetic mice. Ther Deliv. (2019) 10:563–71. doi: 10.4155/tde-2019-0052

138. van Greevenbroek, MM, Schalkwijk, CG, and Stehouwer, CD. Obesity-associated low-grade inflammation in type 2 diabetes mellitus: causes and consequences. Neth. J Med. (2013) 71:174–87.

139. Kusaczuk, M. Tauroursodeoxycholate-bile acid with chaperoning activity: molecular and cellular effects and therapeutic perspectives. Cells. (2019) 8. doi: 10.3390/cells8121471

140. Zangerolamo, L, Vettorazzi, JF, Solon, C, Bronczek, GA, Engel, DF, Kurauti, MA, et al. The bile acid TUDCA improves glucose metabolism in streptozotocin-induced Alzheimer's disease mice model. Mol Cell Endocrinol. (2021) 521:111116. doi: 10.1016/j.mce.2020.111116

141. Mohanty, I, Allaband, C, Mannochio-Russo, H, El Abiead, Y, Hagey, LR, Knight, R, et al. The changing metabolic landscape of bile acids - keys to metabolism and immune regulation. Nat Rev Gastroenterol Hepatol. (2024). doi: 10.1038/s41575-024-00914-3

142. Takeuchi, T, Kubota, T, Nakanishi, Y, Tsugawa, H, Suda, W, Kwon, AT-J, et al. Gut microbial carbohydrate metabolism contributes to insulin resistance. Nature. (2023) 621:389–95. doi: 10.1038/s41586-023-06466-x

143. Li, XY, Su, FF, Jiang, C, Zhang, W, Wang, F, Zhu, Q, et al. Efficacy evolution of bear bile and related research on components. Zhongguo Zhong Yao Za Zhi. (2022) 47:4846–53. doi: 10.19540/j.cnki.cjcmm.20220527.601

144. Keely, SJ, Steer, CJ, and Lajczak-McGinley, NK. Ursodeoxycholic acid: a promising therapeutic target for inflammatory bowel diseases? Am J Physiol Gastrointest. Liver Physiol. (2019) 317:G872–81. doi: 10.1152/ajpgi.00163.2019

145. Lakic, B, Skrbic, R, Uletilovic, S, Mandic-Kovacevic, N, Grabez, M, Saric, MP, et al. Beneficial effects of ursodeoxycholic acid on metabolic parameters and oxidative stress in patients with type 2 diabetes mellitus: A randomized double-blind, placebo-controlled clinical study. J Diabetes Res. (2024) 2024:4187796. doi: 10.1155/2024/4187796

146. Yan, X, Zhang, Y, Peng, Y, and Li, X. The water extract of Radix scutellariae, its total flavonoids and baicalin inhibited CYP7A1 expression, improved bile acid, and glycolipid metabolism in T2DM mice. J Ethnopharmacol. (2022) 293:115238. doi: 10.1016/j.jep.2022.115238

147. Xu, X, Saadeldeen, FSA, Xu, L, Zhao, Y, Wei, J, Wang, HD, et al. The mechanism of phillyrin from the leaves of forsythia suspensa for improving insulin resistance. BioMed Res Int. (2019) 2019:3176483. doi: 10.1155/2019/3176483

148. Wang, T, Li, XJ, Qin, LH, Liang, X, Xue, HH, Guo, J, et al. Better detoxifying effect of ripe forsythiae fructus over green forsythiae fructus and the potential mechanisms involving bile acids metabolism and gut microbiota. Front Pharmacol. (2022) 13:987695. doi: 10.3389/fphar.2022.987695

149. Shao, C, Sun, M, Liu, W, Zhao, S, Liu, Y, Chen, Y, et al. Patient-reported outcomes following the use of jiang tang san huang tablets in type 2 diabetes mellitus: A retrospective cohort study in a chinese population. Diabetes Metab Syndrome Obesity-Target Ther. (2022) 15:4023–33. doi: 10.2147/dmso.S388336

150. Tawulie, D, Jin, L, Shang, X, Li, Y, Sun, L, Xie, H, et al. Jiang-Tang-San-Huang pill alleviates type 2 diabetes mellitus through modulating the gut microbiota and bile acids metabolism. Phytomedicine. (2023) 113:154733. doi: 10.1016/j.phymed.2023.154733

151. Chen, M, Gao, M, Wang, H, Chen, Q, Liu, X, Mo, Q, et al. Jingangteng capsules ameliorate liver lipid disorders in diabetic rats by regulating microflora imbalances, metabolic disorders, and farnesoid X receptor. Phytomedicine. (2024) 132:155806. doi: 10.1016/j.phymed.2024.155806

152. Tao, Y, Peng, F, Wang, L, Sun, J, Ding, Y, Xiong, S, et al. Ji-Ni-De-Xie ameliorates type 2 diabetes mellitus by modulating the bile acids metabolism and FXR/FGF15 signaling pathway. Front Pharmacol. (2024) 15:1383896. doi: 10.3389/fphar.2024.1383896

153. Gao, R, Meng, X, Xue, Y, Mao, M, Liu, Y, Tian, X, et al. Bile acids-gut microbiota crosstalk contributes to the improvement of type 2 diabetes mellitus. Front Pharmacol. (2022) 13:1027212. doi: 10.3389/fphar.2022.1027212

154. Guo, C, Xie, S, Chi, Z, Zhang, J, Liu, Y, Zhang, L, et al. Bile acids control inflammation and metabolic disorder through inhibition of NLRP3 inflammasome. Immunity. (2016) 45:802–16. doi: 10.1016/j.immuni.2016.09.008

155. Nerild, HH, Bronden, A, Haddouchi, AE, Ellegaard, AM, Hartmann, B, Rehfeld, JF, et al. Elucidating the glucose-lowering effect of the bile acid sequestrant sevelamer. Diabetes Obes Metab. (2024) 26:1252–63. doi: 10.1111/dom.15421

156. Calderon, G, McRae, A, Rievaj, J, Davis, J, Zandvakili, I, Linker-Nord, S, et al. Ileo-colonic delivery of conjugated bile acids improves glucose homeostasis via colonic GLP-1-producing enteroendocrine cells in human obesity and diabetes. EBioMedicine. (2020) 55:102759. doi: 10.1016/j.ebiom.2020.102759

157. Shapiro, H, Kolodziejczyk, AA, Halstuch, D, and Elinav, E. Bile acids in glucose metabolism in health and disease. J Exp Med. (2018) 215:383–96. doi: 10.1084/jem.20171965

158. Hou, Y, Zhai, X, Wang, X, Wu, Y, Wang, H, Qin, Y, et al. Research progress on the relationship between bile acid metabolism and type 2 diabetes mellitus. Diabetol Metab Syndr. (2023) 15:235. doi: 10.1186/s13098-023-01207-6

159. Fiorucci, S, Baldoni, M, Ricci, P, Zampella, A, Distrutti, E, and Biagioli, M. Bile acid-activated receptors and the regulation of macrophages function in metabolic disorders. Curr Opin Pharmacol. (2020) 53:45–54. doi: 10.1016/j.coph.2020.04.008

160. Zhao, L, Xuan, Z, Song, W, Zhang, S, Li, Z, Song, G, et al. A novel role for farnesoid X receptor in the bile acid-mediated intestinal glucose homeostasis. J Cell Mol Med. (2020) 24:12848–61. doi: 10.1111/jcmm.15881

161. Kawamata, Y, Fujii, R, Hosoya, M, Harada, M, Yoshida, H, Miwa, M, et al. A G protein-coupled receptor responsive to bile acids. J Biol Chem. (2003) 278:9435–40. doi: 10.1074/jbc.M209706200

162. Ye, D, He, J, and He, X. The role of bile acid receptor TGR5 in regulating inflammatory signalling. Scand J Immunol. (2024). doi: 10.1111/sji.13361

163. Liu, S, Yu, J, Fu, M, Wang, X, and Chang, X. Regulatory effects of hawthorn polyphenols on hyperglycemic, inflammatory, insulin resistance responses, and alleviation of aortic injury in type 2 diabetic rats. Food Res Int. (2021) 142:110239. doi: 10.1016/j.foodres.2021.110239

164. Reich, M, Klindt, C, Deutschmann, K, Spomer, L, Haussinger, D, and Keitel, V. Role of the G protein-coupled bile acid receptor TGR5 in liver damage. Dig. Dis. (2017) 35:235–40. doi: 10.1159/000450917

165. Perino, A, and Schoonjans, K. TGR5 and immunometabolism: insights from physiology and pharmacology. Trends Pharmacol Sci. (2015) 36:847–57. doi: 10.1016/j.tips.2015.08.002

166. Yang, H, Luo, F, Wei, Y, Jiao, Y, Qian, J, Chen, S, et al. TGR5 protects against cholestatic liver disease via suppressing the NF-kappaB pathway and activating the Nrf2/HO-1 pathway. Ann Transl Med. (2021) 9:1158. doi: 10.21037/atm-21-2631

167. Yu, C, Liu, Y, and Shi, Y. TGR5 reduces lipopolysaccharide-induced macrophage inflammatory response through regulating the STAT3 signaling pathway. J Biol Regul Homeost. Agents. (2024) 38:811–22. doi: 10.23812/j.biol.regul.homeost.agents.20243801.67

168. Zhu, KN, Tian, SS, Wang, H, Tian, YS, Gu, GZ, Qiu, YY, et al. Study on effect of gypenosides on insulin sensitivity of rats with diabetes mellitus via regulating NF-kappaB signaling pathway. Zhongguo Zhong Yao Za Zhi. (2021) 46:4488–96. doi: 10.19540/j.cnki.cjcmm.20210527.401

169. Qi, Y-C, Duan, G-Z, Mao, W, Liu, Q, Zhang, Y-L, and Li, P-F. Taurochenodeoxycholic acid mediates cAMP-PKA-CREB signaling pathway. Chin J Natural Medicines. (2020) 18:898–906. doi: 10.1016/s1875-5364(20)60033-4

170. Lu, S, Li, Y, Qian, Z, Zhao, T, Feng, Z, Weng, X, et al. Role of the inflammasome in insulin resistance and type 2 diabetes mellitus. Front Immunol. (2023) 14:1052756. doi: 10.3389/fimmu.2023.1052756

171. Liu, R, Wang, J, Zhao, Y, Zhou, Q, Yang, X, Gao, Y, et al. Study on the mechanism of modified Gegen Qinlian decoction in regulating the intestinal flora-bile acid-TGR5 axis for the treatment of type 2 diabetes mellitus based on macro genome sequencing and targeted metabonomics integration. Phytomedicine. (2024) 132. doi: 10.1016/j.phymed.2023.155329

172. Chen, H, Yao, Y, Wang, W, and Wang, D. Ge-gen-jiao-tai-wan affects type 2 diabetic rats by regulating gut microbiota and primary bile acids. Evid. Based Complement. Alternat. Med. (2021) 2021:5585952. doi: 10.1155/2021/5585952

173. Wu, W, Xia, Q, Guo, Y, Wang, H, Dong, H, Lu, F, et al. Berberine enhances the function of db/db mice islet beta cell through GLP-1/GLP-1R/PKA signaling pathway in intestinal L cell and islet alpha cell. Front Pharmacol. (2023) 14:1228722. doi: 10.3389/fphar.2023.1228722

174. Bakar, RB, Reimann, F, and Gribble, FM. The intestine as an endocrine organ and the role of gut hormones in metabolic regulation. Nat Rev Gastroenterol Hepatol. (2023). doi: 10.1038/s41575-023-00830

175. Maharjan, BR, McLennan, SV, Yee, C, Twigg, SM, and Williams, PF. The effect of a sustained high-fat diet on the metabolism of white and brown adipose tissue and its impact on insulin resistance: A selected time point cross-sectional study. Int J Mol Sci. (2021) 22. doi: 10.3390/ijms222413639

176. Wu, Q, Liang, X, Wang, K, Lin, J, Wang, X, Wang, P, et al. Intestinal hypoxia-inducible factor 2alpha regulates lactate levels to shape the gut microbiome and alter thermogenesis. Cell Metab. (2021) 33:1988–2003 e7. doi: 10.1016/j.cmet.2021.07.007

177. Lim, J, Park, HS, Kim, J, Jang, YJ, Kim, JH, Lee, Y, et al. Depot-specific UCP1 expression in human white adipose tissue and its association with obesity-related markers. Int J Obes (Lond.). (2020) 44:697–706. doi: 10.1038/s41366-020-0528-4

178. Liang, C, Li, Y, Bai, M, Huang, Y, Yang, H, Liu, L, et al. Hypericin attenuates nonalcoholic fatty liver disease and abnormal lipid metabolism via the PKA-mediated AMPK signaling pathway in vitro and in vivo. Pharmacol Res. (2020) 153:104657. doi: 10.1016/j.phrs.2020.104657

179. Jia, X, and Liu, W. Vaccarin improves insulin sensitivity and glucose uptake in diet-induced obese mice via activation of GPR120-PI3K/AKT/GLUT4 pathway. Biochem Biophys Res Commun. (2022) 634:189–95. doi: 10.1016/j.bbrc.2022.09.099

180. Zhu, XX, Zhao, CY, Meng, XY, Yu, XY, Ma, LC, Chen, TX, et al. Bacteroides uniformis Ameliorates Carbohydrate and Lipid Metabolism Disorders in Diabetic Mice by Regulating Bile Acid Metabolism via the Gut-Liver Axis. Pharm (Basel). (2024) 17. doi: 10.3390/ph17081015

181. Wang, H, He, Q, Wang, G, Xu, X, and Hao, H. FXR modulators for enterohepatic and metabolic diseases. Expert Opin Ther Pat. (2018) 28:765–82. doi: 10.1080/13543776.2018.1527906

182. Gabler, M, Kramer, J, Schmidt, J, Pollinger, J, Weber, J, Kaiser, A, et al. Allosteric modulation of the farnesoid X receptor by a small molecule. Sci Rep. (2018) 8:6846. doi: 10.1038/s41598-018-25158-5

183. Zhang, Y, Lee, FY, Barrera, G, Lee, H, Vales, C, Gonzalez, FJ, et al. Activation of the nuclear receptor FXR improves hyperglycemia and hyperlipidemia in diabetic mice. Proc Natl Acad Sci U. S. A. (2006) 103:1006–11. doi: 10.1073/pnas.0506982103

184. Cai, W, Li, C, Su, Z, Cao, J, Chen, Z, Chen, Y, et al. Profile of the bile acid FXR-FGF15 pathway in the glucolipid metabolism disorder of diabetic mice suffering from chronic stress. PeerJ. (2023) 11:e16407. doi: 10.7717/peerj.16407

185. Fu, J, Liang, Y, Shi, Y, Yu, D, Wang, Y, Chen, P, et al. HuangQi ChiFeng decoction maintains gut microbiota and bile acid homeostasis through FXR signaling to improve atherosclerosis. Heliyon. (2023) 9. doi: 10.1016/j.heliyon.2023.e21935

186. Huang, F, Zheng, X, Ma, X, Jiang, R, Zhou, W, Zhou, S, et al. Theabrownin from Pu-erh tea attenuates hypercholesterolemia via modulation of gut microbiota and bile acid metabolism. Nat Commun. (2019) 10:4971. doi: 10.1038/s41467-019-12896-x

187. Jiang, C, Xie, C, Li, F, Zhang, L, Nichols, RG, Krausz, KW, et al. Intestinal farnesoid X receptor signaling promotes nonalcoholic fatty liver disease. J Clin Invest. (2015) 125:386–402. doi: 10.1172/JCI76738

188. Tao, Y, Zeng, Y, Zeng, R, Gou, X, Zhou, X, Zhang, J, et al. The total alkaloids of Berberidis Cortex alleviate type 2 diabetes mellitus by regulating gut microbiota, inflammation and liver gluconeogenesis. J Ethnopharmacol. (2024) 337:118957. doi: 10.1016/j.jep.2024.118957

189. Kong, B, Wang, L, Chiang, JY, Zhang, Y, Klaassen, CD, and Guo, GL. Mechanism of tissue-specific farnesoid X receptor in suppressing the expression of genes in bile-acid synthesis in mice. Hepatology. (2012) 56:1034–43. doi: 10.1002/hep.25740

190. Zhang, Y, Lickteig, AJ, Csanaky, IL, and Klaassen, CD. Activation of PPARalpha decreases bile acids in livers of female mice while maintaining bile flow and biliary bile acid excretion. Toxicol Appl Pharmacol. (2018) 338:112–23. doi: 10.1016/j.taap.2017.11.014

191. Chen, S, Sun, S, Feng, Y, Li, X, Yin, G, Liang, P, et al. Diosgenin attenuates nonalcoholic hepatic steatosis through the hepatic FXR-SHP-SREBP1C/PPARalpha/CD36 pathway. Eur J Pharmacol. (2023) 952:175808. doi: 10.1016/j.ejphar.2023.175808

192. Ji, Q, Li, X, Wang, Y, Liu, H, Chen, K, Quan, H, et al. Periostin acts as a bridge between gestational diabetes mellitus (GDM) and chronic inflammation to modulate insulin resistance by modulating PPARalpha/NF-kappaB/TNF-alpha signaling pathway. Endocr. Metab Immune Disord Drug Targets. (2023) 23:1649–59. doi: 10.2174/1871530323666230427104724

193. Yan, Y, Sha, Y, Huang, X, Yuan, W, Wu, F, Hong, J, et al. Roux-en-Y gastric bypass improves metabolic conditions in association with increased serum bile acids level and hepatic farnesoid X receptor expression in a T2DM rat model. Obes Surg. (2019) 29:2912–22. doi: 10.1007/s11695-019-03918-0

194. Xiu, W, Wang, X, Na, Z, Yu, S, Li, C, Wang, J, et al. Degraded sweet corn cob polysaccharides modulate T2DM-induced abnormalities in hepatic lipid metabolism via the bile acid-related FXR-SHP and FXR-FGF15-FGFR4 pathways. Food Bioscience. (2024) 62. doi: 10.1016/j.fbio.2024.105085

195. Yang, CS, Kim, JJ, Kim, TS, Lee, PY, Kim, SY, Lee, HM, et al. Small heterodimer partner interacts with NLRP3 and negatively regulates activation of the NLRP3 inflammasome. Nat Commun. (2015) 6:6115. doi: 10.1038/ncomms7115

196. Liang, BJ, Liao, SR, Huang, WX, Huang, C, Liu, HS, and Shen, WZ. Intermittent fasting therapy promotes insulin sensitivity by inhibiting NLRP3 inflammasome in rat model. Ann Palliat Med. (2021) 10:5299–309. doi: 10.21037/apm-20-2410

197. She, J, Tuerhongjiang, G, Guo, M, Liu, J, Hao, X, Guo, L, et al. Statins aggravate insulin resistance through reduced blood glucagon-like peptide-1 levels in a microbiota-dependent manner. Cell Metab. (2024) 36:408–421.e5. doi: 10.1016/j.cmet.2023.12.027

198. Trabelsi, M-S, Daoudi, M, Prawitt, J, Ducastel, S, Touche, V, Sayin, SI, et al. Farnesoid X receptor inhibits glucagon-like peptide-1 production by enteroendocrine L cells. Nat Commun. (2015) 6. doi: 10.1038/ncomms8629

199. Tian, F, Chen, T, Xu, W, Fan, Y, Feng, X, Huang, Q, et al. Curcumin Compensates GLP-1 Deficiency via the Microbiota-Bile Acids Axis and Modulation in Functional Crosstalk between TGR5 and FXR in ob/ob Mice. Mol Nutr Food Res. (2023) 67:e2300195. doi: 10.1002/mnfr.202300195

200. Ding, L, Yang, Q, Zhang, E, Wang, Y, Sun, S, Yang, Y, et al. Notoginsenoside Ft1 acts as a TGR5 agonist but FXR antagonist to alleviate high fat diet-induced obesity and insulin resistance in mice. Acta Pharm Sin B. (2021) 11:1541–54. doi: 10.1016/j.apsb.2021.03.038

201. Dai, H, Shan, Z, Shi, L, Duan, Y, An, Y, He, C, et al. Mulberry leaf polysaccharides ameliorate glucose and lipid metabolism disorders via the gut microbiota-bile acids metabolic pathway. Int J Biol Macromol. (2024). doi: 10.1016/j.ijbiomac.2024.136876

202. Hukkanen, J, and Hakkola, J. PXR and 4beta-hydroxycholesterol axis and the components of metabolic syndrome. Cells. (2020) 9. doi: 10.3390/cells9112445

203. Cave, MC, Clair, HB, Hardesty, JE, Falkner, KC, Feng, W, Clark, BJ, et al. Nuclear receptors and nonalcoholic fatty liver disease. Biochim Biophys Acta. (2016) 1859:1083–99. doi: 10.1016/j.bbagrm.2016.03.002

204. Dutta, M, Lim, JJ, and Cui, JY. Pregnane X receptor and the gut-liver axis: A recent update. Drug Metab Dispos. (2022) 50:478–91. doi: 10.1124/dmd.121.000415

205. Sun, C, Wang, Z, Hu, L, Zhang, X, Chen, J, Yu, Z, et al. Targets of statins intervention in LDL-C metabolism: Gut microbiota. Front Cardiovasc Med. (2022) 9:972603. doi: 10.3389/fcvm.2022.972603

206. Sun, L, Sun, Z, Wang, Q, Zhang, Y, and Jia, Z. Role of nuclear receptor PXR in immune cells and inflammatory diseases. Front Immunol. (2022) 13:969399. doi: 10.3389/fimmu.2022.969399

207. Morro, M, Vila, L, Franckhauser, S, Mallol, C, Elias, G, Ferre, T, et al. Vitamin D receptor overexpression in beta-cells ameliorates diabetes in mice. Diabetes. (2020) 69:927–39. doi: 10.2337/db19-0757

208. Dong, B, Zhou, Y, Wang, W, Scott, J, Kim, K, Sun, Z, et al. Vitamin D receptor activation in liver macrophages ameliorates hepatic inflammation, steatosis, and insulin resistance in mice. Hepatology. (2020) 71:1559–74. doi: 10.1002/hep.30937

209. Maghsoodi, N, Shaw, N, Cross, GF, Alaghband-Zadeh, J, Wierzbicki, AS, Pinkney, J, et al. Bile acid metabolism is altered in those with insulin resistance after gestational diabetes mellitus. Clin Biochem. (2019) 64:12–7. doi: 10.1016/j.clinbiochem.2018.11.016

210. Zhen, J, Zhao, P, Li, Y, Zhao, L, Huang, G, and Xu, A. Structural and functional characteristics of the fecal-associated microbiome in dampness-heat constitution. Eur J Integr Med. (2020) 37. doi: 10.1016/j.eujim.2020.101166




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2024 Wang, Yu, Chen, Jin, Wang, Chen, Jian, Sun and Piao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo.2024.1481270_cover.jpg
& frontiers | Frontiers in Endocrinology

Bile acids as a key target: traditional
Chinese medicine for precision
management of insulin resistance in type 2
diabetes mellitus through the gut
microbiota-bile acids axis





OEBPS/Images/fendo-15-1481270-g003.jpg
i1 Intesine

llllll

nnnnnn

llllllll

FGF19/15

Bile acid metabolism

1 Portal vein '

\





OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Images/fendo-15-1481270-g001.jpg
cholicacid ~ chenodeoxychilic acid o/B- muricholic acid
(CA) (CDCA) (/PMCA)

active absorption

— lithocholic acid ursodeoxycholic acid hyodeoxycholic acid
small intestine

gutmicrobiota  (LCAD (UDCA) (HDCA)

oH

|arge intestine

5, deoxycholic acid Murideoxycholic Acid
0

(DCA) (MDCA)






OEBPS/Images/fendo-15-1481270-g002.jpg
Primary
bile acids

_w o
— %

) .
kTZDM-IR The abundance of specific flora l

Cyanobacteria, Acidobacteria
Gemmatimonadetes, Cetobacterium
Millionella, Clostridium
Streptococcus, Ruminococcaceae

Ratio of 12 a-OH to non-12 a-OH BAs T

WMCA

LCA DCA

12a-OHBAs: CA. DCA. TCA, TDCA. GCA. /
GDCA
non-12a-OH BAs: CDCA, LCA, UDCA, MCA.
UDCA  HDCA TCDCA. TLCA, TUDCA, TMCA
GCDCA, GLCA. GUDCA, GMCA

O A nsuin

Elevated glucose

4 d
\ | ) Cell
VV" o :C—aum

insulin resistance:






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

        		Cover



  		

        Bile acids as a key target: traditional Chinese medicine for precision management of insulin resistance in type 2 diabetes mellitus through the gut microbiota-bile acids axis

      

        		

          1 Introduction

        



        		

          2 BAs

        

          		

            2.1 Production and metabolism of BAs

          



          		

            2.2 BAs and metabolic disorders

          



        



        



        		

          3 T2DM-IR and structural changes of gut microbiota

        



        		

          4 T2DM-IR and gut microbiota-mediated BAs metabolism

        

          		

            4.1 The role of gut microbiota in BAs

          



          		

            4.2 The impact of BAs on the intestinal tract

          



        



        



        		

          5 The gut microbiota-BAs axis affects glucose and lipid metabolism and insulin sensitivity

        



        		

          6 T2DM-IR and BAs-related signaling pathways

        

          		

            6.1 Membrane receptor TGR5

          



          		

            6.2 Nuclear receptor FXR

          



          		

            6.3 Other receptors

          



        



        



        		

          7 Limitation

        



        		

          8 Conclusions

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





