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ABSTRACT 

Type 2 diabetes mellitus (T2DM) is a progressive metabolic disorder characterized by insulin resistance and β-cell 
dysfunction, with emerging evidence highlighting the role of  gut microbiota-derived metabolites in modulating 

pancreatic β-cell senescence. Gut microbiota generates bioactive compounds, including short-chain fatty acids 

(SCFAs), bile acid derivatives, and amino acid metabolites, which influence β-cell fate through metabolic, 
inflammatory, and epigenetic pathways. SCFAs, particularly butyrate, exhibit protective effects by enhancing insulin 
secretion, reducing oxidative stress, and modulating inflammatory responses. Bile acids, through interactions with 

nuclear receptors such as FXR and TGR5, regulate glucose metabolism and β-cell function. Conversely, dysbiosis-
driven shifts in microbial metabolites, including an excess of  branched-chain amino acids (BCAAs) and endotoxins 

like lipopolysaccharides (LPS), exacerbate β-cell senescence via chronic inflammation and mitochondrial dysfunction. 
This review employed a narrative synthesis methodology, analyzing current literature on microbiota-derived 

metabolites and their role in β-cell aging. Understanding these interactions provides critical insights into 

microbiome-based therapeutic strategies for preserving β-cell function and mitigating T2DM progression. Targeted 
interventions, including probiotics, prebiotics, and dietary modifications, hold promises for modulating gut 
microbiota composition to enhance metabolic health. Future research should further elucidate microbial metabolite 

pathways to inform innovative therapeutic approaches aimed at delaying β-cell senescence and T2DM progression. 
Keywords: Gut Microbiota-Derived Metabolites, Pancreatic β-Cell Senescence, Type 2 Diabetes Mellitus (T2DM), 

Short-Chain Fatty Acids (SCFAs), Microbiome-Based Therapeutics. 

 
INTRODUCTION 

Type 2 diabetes mellitus (T2DM) is a complex metabolic disorder characterized by chronic hyperglycemia due to 

insulin resistance and progressive pancreatic β-cell dysfunction[1, 2]. While various genetic, environmental, and 
lifestyle factors contribute to its pathogenesis, emerging evidence suggests that gut microbiota and their metabolites 

play a pivotal role in metabolic regulation and β-cell homeostasis. The gut microbiome, a diverse community of  
microorganisms residing in the gastrointestinal tract, produces a variety of  bioactive metabolites that can influence 
host physiology, including immune modulation, inflammation, and energy metabolism [3, 4]. These metabolites, 
such as short-chain fatty acids (SCFAs), bile acid derivatives, and microbial-derived amino acid metabolites, have 

been implicated in either protecting against or exacerbating β-cell senescence. 
Cellular senescence, a state of  permanent growth arrest induced by stressors such as oxidative damage and chronic 

inflammation, has been increasingly recognized as a key factor in β-cell deterioration [5, 6]. Senescent β-cells exhibit 
impaired insulin secretion, altered metabolic activity, and enhanced pro-inflammatory signaling, contributing to the 

progressive decline in functional β-cell mass observed in T2DM. Notably, gut microbiota-derived metabolites have 

emerged as critical modulators of  β-cell fate, influencing senescence pathways through epigenetic modifications, 
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inflammatory cascades, and mitochondrial function. Understanding the intricate relationship between gut 

microbiota-derived metabolites and β-cell senescence holds promise for novel therapeutic strategies aimed at 

preserving β-cell function and mitigating T2DM progression. This review explores the current knowledge on 

microbiota-derived metabolites and their mechanistic roles in modulating β-cell senescence, highlighting potential 
translational opportunities for microbiome-based interventions in T2DM management. 

Gut Microbiota Composition and Metabolite Production in Health and Disease 

The gut microbiota consists of  trillions of  microorganisms, primarily bacteria, which establish a symbiotic 
relationship with the host [7, 8]. In healthy individuals, microbiota maintains homeostasis by producing key 
metabolites that regulate metabolic and immune functions. However, dysbiosis an imbalance in microbial 
composition is commonly observed in individuals with T2DM, characterized by reduced microbial diversity and 
altered metabolite profiles. Several bacterial genera, such as Firmicutes and Bacteroidetes, play essential roles in 

producing metabolites that impact β-cell function. 
SCFAs, including acetate, propionate, and butyrate, are fermented by products of  dietary fiber by commensal bacteria 

[9]. These metabolites have been shown to exert beneficial effects on β-cells by enhancing glucose-stimulated 
insulin secretion, reducing oxidative stress, and modulating inflammatory responses. Conversely, an overabundance 
of  branched-chain amino acids (BCAAs) and lipopolysaccharides (LPS), often linked to an altered gut microbiota, 

has been associated with metabolic inflammation and impaired β-cell function. These findings underscore the 

importance of  gut microbiota-derived metabolites in regulating β-cell health and disease. 
Short-Chain Fatty Acids and β-Cell Senescence 

SCFAs, particularly butyrate, have garnered attention for their protective effects against cellular senescence. 
Butyrate acts as a histone deacetylase (HDAC) inhibitor, promoting chromatin remodeling and enhancing the 

expression of  genes involved in β-cell survival and function [10]. Additionally, SCFAs activate G-protein-coupled 
receptors (GPCRs), such as FFAR2 and FFAR3, leading to improved insulin secretion and reduced inflammatory 
cytokine production. Experimental studies indicate that butyrate supplementation alleviates endoplasmic reticulum 

(ER) stress, a known trigger of  β-cell senescence [11]. Furthermore, SCFAs enhance mitochondrial function by 
promoting oxidative phosphorylation and reducing reactive oxygen species (ROS) production, key contributors to 
cellular aging. These mechanisms collectively suggest that SCFA-producing bacteria play a crucial role in 

maintaining β-cell integrity, and dietary interventions aimed at increasing SCFA production may represent a viable 

strategy for delaying β-cell senescence in T2DM. 
Bile Acid Metabolism and β-Cell Function 

Bile acids, traditionally recognized for their role in lipid digestion, also function as signaling molecules influencing 
glucose homeostasis [12]. Gut microbiota modulates bile acid composition through deconjugation and 
biotransformation, leading to the generation of  secondary bile acids that interact with nuclear receptors, such as the 
farnesoid X receptor (FXR) and Takeda G-protein-coupled receptor 5 (TGR5). 

Activation of  FXR and TGR5 has been shown to enhance insulin sensitivity and β-cell function [13]. TGR5 
stimulation by microbiota-modified bile acids promotes glucagon-like peptide-1 (GLP-1) secretion, which in turn 

improves insulin release and reduces β-cell stress. However, excessive bile acid accumulation may exert cytotoxic 

effects on β-cells, highlighting the need for balanced bile acid metabolism to prevent β-cell dysfunction. 
Microbial-Derived Amino Acid Metabolites and β-Cell Aging 

Amino acid metabolism by gut bacteria produces bioactive metabolites that influence cellular senescence [13, 14]. 
Tryptophan metabolites, such as indole derivatives, can modulate inflammatory pathways through activation of  the 

aryl hydrocarbon receptor (AhR), which has been implicated in metabolic homeostasis and β-cell survival. 
On the other hand, increased levels of  BCAAs, particularly leucine, isoleucine, and valine, have been associated with 

insulin resistance and β-cell dysfunction. Elevated BCAA levels correlate with increased mTOR signaling, a pathway 
that drives cellular aging and impairs insulin secretion. These findings suggest that targeting gut microbiota-

mediated amino acid metabolism may provide a novel approach to mitigating β-cell senescence and preserving 
pancreatic function in T2DM. 

Inflammatory Mediators and the Gut-β-Cell Axis 

Chronic low-grade inflammation is a hallmark of  T2DM and plays a crucial role in β-cell senescence [15]. Gut 
microbiota-derived endotoxins, such as LPS, trigger inflammatory pathways through toll-like receptor 4 (TLR4) 

activation, leading to increased cytokine production and oxidative stress [16]. β-cells, which are highly sensitive to 
inflammatory insults, undergo senescence when exposed to prolonged inflammatory stimuli, resulting in reduced 
insulin secretion and impaired glucose homeostasis. Probiotic and prebiotic interventions have demonstrated 
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potential in modulating gut microbiota composition and reducing inflammatory burden [17]. Certain Lactobacillus 

and Bifidobacterium strains exhibit anti-inflammatory properties by inhibiting NF-κB signaling and promoting the 
production of  anti-inflammatory cytokines such as IL-10. Thus, microbiota-targeted therapies aimed at reducing 

inflammation may offer promising avenues for preserving β-cell function and delaying T2DM progression. 
CONCLUSION 

The gut microbiota and its metabolites play a fundamental role in modulating pancreatic β-cell senescence, 
influencing T2DM progression through a complex interplay of  metabolic, inflammatory, and epigenetic 
mechanisms. SCFAs, bile acid derivatives, and microbial-derived amino acid metabolites exhibit both protective and 

detrimental effects on β-cell aging, highlighting the importance of  microbial balance in maintaining pancreatic 
function. Dysbiosis-driven shifts in metabolite profiles contribute to chronic inflammation, oxidative stress, and 

impaired insulin secretion, accelerating β-cell senescence and disease progression. 
Targeting gut microbiota through dietary modifications, probiotics, and microbiome-based therapies holds 

significant promise for mitigating β-cell deterioration in T2DM. Future research should focus on elucidating the 

precise mechanisms underlying microbial metabolite interactions with β-cell pathways, paving the way for novel 
therapeutic interventions that harness gut microbiota-derived metabolites to improve metabolic health. Addressing 

the gut-β-cell axis represents a crucial frontier in diabetes management, offering potential strategies to preserve β-
cell function and delay T2DM onset and progression. 
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