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ABSTRACT 
Diabetes and obesity, two interrelated global health epidemics, are complex metabolic disorders influenced by 
genetic, environmental, and lifestyle factors. Recent evidence has illuminated the crucial role of the gut 
microbiome, a vast ecosystem of microorganisms inhabiting the gastrointestinal tract in the pathogenesis of 
these conditions. Dysbiosis, or imbalance in gut microbial composition, has been consistently linked to insulin 
resistance, low-grade chronic inflammation, impaired glucose metabolism, and altered energy homeostasis. This 
review explores the intricate mechanisms by which the gut microbiota influences the development and 
progression of diabetes and obesity, including modulation of gut barrier integrity, lipopolysaccharide-induced 
inflammation, short-chain fatty acid production, bile acid signaling, and interaction with the host immune 
system. We also highlight emerging therapeutic strategies targeting the gut microbiota, such as prebiotics, 
probiotics, synbiotics, fecal microbiota transplantation (FMT), and microbiome-modulating drugs. 
Understanding these microbial mechanisms opens new frontiers in personalized medicine for managing 
metabolic disorders. This review consolidates current knowledge and identifies future directions to harness the 
therapeutic potential of the gut microbiome in diabetes and obesity. 
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INTRODUCTION 

Diabetes mellitus and obesity are among the most pressing global public health challenges of the 21st century, 
with prevalence rates continuing to rise at an alarming pace, especially in industrialized and rapidly urbanizing 
societies.[1–3] The World Health Organization (WHO) estimates that more than 500 million people are 
currently living with diabetes, and over 1.9 billion adults are classified as overweight or obese globally[4–6]. 
These metabolic disorders are associated with a host of comorbidities, including cardiovascular disease, renal 
dysfunction, neuropathy, and reduced life expectancy, making them leading contributors to the global burden 
of disease. 
Traditionally, the etiology of diabetes and obesity has been attributed to a combination of genetic predisposition, 
poor dietary habits, sedentary lifestyles, and environmental exposures[7, 8]. However, growing scientific 
interest in recent years has turned to the gut microbiome as a pivotal player in the development and progression 
of metabolic diseases[9]. This interest has been spurred by advances in next-generation sequencing 
technologies and metagenomic analyses, which have provided unprecedented insight into the diversity, 
composition, and function of the gut microbial ecosystem[9]. The gut microbiome refers to the trillions of 
microorganisms residing in the gastrointestinal tract, including bacteria, archaea, viruses, fungi, and protozoa. 
These microorganisms engage in complex symbiotic interactions with the host, contributing to essential 
physiological processes such as digestion, nutrient absorption, bile acid metabolism, immune modulation, and 
the synthesis of vitamins and short-chain fatty acids (SCFAs)[10]. The composition of the gut microbiome is 
dynamic and influenced by multiple factors, including mode of birth delivery, diet, age, antibiotic use, and 
geographic location[10]. 
Emerging evidence suggests that disturbances in the gut microbiome collectively termed dysbiosis may have 
profound implications for metabolic health[11, 12]. Dysbiosis is characterized by a loss of microbial diversity, 
an overrepresentation of pathogenic bacteria, and a decline in beneficial commensals. Such imbalances have been 
linked to the pathogenesis of type 2 diabetes (T2D), type 1 diabetes (T1D), and obesity through a variety of 
mechanisms[13, 14]. These include increased intestinal permeability ("leaky gut"), systemic inflammation, 
altered energy harvest from the diet, insulin resistance, and disruption of signaling pathways involved in glucose 
and lipid metabolism[14]. 
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In type 2 diabetes, for instance, gut microbial profiles are often marked by a reduction in butyrate-producing 
bacteria such as Faecalibacterium prausnitzii, which play a role in maintaining gut barrier integrity and reducing 
inflammation. Simultaneously, an enrichment of opportunistic pathogens may promote endotoxemia and 
metabolic endotoxemia, exacerbating insulin resistance[15]. In type 1 diabetes, an autoimmune condition, gut 
dysbiosis may contribute to the breakdown of immune tolerance and the initiation of autoimmunity against 

pancreatic β-cells. Obesity, too, has been associated with distinct alterations in microbial composition, such as 
an increased Firmicutes-to-Bacteroidetes ratio, which is thought to enhance energy extraction from the diet and 
promote fat deposition[15]. Given the intricate and bidirectional relationship between the gut microbiome and 
host metabolic health, there is growing interest in microbiome-targeted interventions as potential therapeutic 
strategies for diabetes and obesity. These strategies include the use of prebiotics, probiotics, synbiotics, fecal 
microbiota transplantation (FMT), and dietary modifications aimed at restoring a balanced microbial 
community. Understanding the underlying mechanisms by which the gut microbiota influences metabolic 
homeostasis is crucial for developing effective, personalized treatments for these chronic diseases[15]. This 
review aims to explore the current knowledge on the role of the gut microbiome in the development and 
management of diabetes and obesity, elucidating the underlying mechanisms and highlighting therapeutic 
implications. By understanding the complex interplay between host and microbiota, we can move closer to 
microbiome-based precision medicine in metabolic disease management. 

Composition and Functions of the Gut Microbiome 
The adult human gastrointestinal tract is home to an extraordinarily complex and dense microbial ecosystem, 
often referred to as the gut microbiota. This dynamic community consists of trillions of microorganisms, 
including bacteria, archaea, viruses, and fungi. Among the bacterial inhabitants, the phyla Firmicutes and 
Bacteroidetes dominate, comprising more than 90% of the gut microbial population. These microbial residents 
are not passive bystanders; rather, they play crucial roles in maintaining host health through a wide range of 
biochemical, immunological, and metabolic activities that contribute to the overall physiological homeostasis of 
the human body[16]. 
One of the most well-documented functions of the gut microbiota is the fermentation of indigestible dietary 
fibers, a complex carbohydrate that escape digestion in the upper gastrointestinal tract. Once these fibers reach 
the colon, they serve as substrates for microbial fermentation, leading to the production of short-chain fatty 
acids (SCFAs) such as butyrate, propionate, and acetate[17]. Each of these SCFAs exerts unique physiological 
effects. Butyrate, for example, serves as a primary energy source for colonocytes, promotes the integrity of the 
intestinal lining, and possesses anti-inflammatory properties. Propionate is absorbed into the bloodstream and 
transported to the liver, where it influences gluconeogenesis and satiety signaling[18]. Acetate, the most 
abundant SCFA, enters systemic circulation and is utilized in peripheral tissues, including muscle and adipose 
tissue, thereby participating in cholesterol metabolism and appetite regulation. Together, these metabolites not 
only provide energy but also modulate host metabolism, influence lipid and glucose homeostasis, and contribute 
to the prevention of metabolic disorders such as obesity and type 2 diabetes[18]. 
Beyond metabolic contributions, the gut microbiota plays an indispensable role in the regulation of the host 
immune system. From early life through adulthood, microbial exposure is essential for the maturation of both 
innate and adaptive immunity. The gut microbiota engages in a continuous crosstalk with the host's immune 
cells, facilitating immune tolerance to harmless antigens while enhancing the ability to mount effective responses 
against pathogenic organisms[19]. This immunomodulatory function involves complex signaling pathways, 
including the stimulation of pattern recognition receptors such as Toll-like receptors (TLRs) and the production 
of microbial metabolites that affect the activity of regulatory T cells (Tregs) and dendritic cells. SCFAs, 
particularly butyrate, enhance the differentiation of Tregs, which are essential for maintaining immune tolerance 
and suppressing inflammatory responses. Consequently, disruptions in the microbial composition, a condition 
known as dysbiosis, are often linked to the development of autoimmune and inflammatory diseases, including 
inflammatory bowel disease (IBD), allergies, and even neuroinflammatory conditions[19]. 
Another critical function of the gut microbiota is its role in maintaining the integrity of the intestinal barrier. 
The gut epithelium acts as a selective barrier that allows nutrient absorption while preventing the translocation 
of pathogens, toxins, and antigens into the systemic circulation[20]. Commensal microbes support this barrier 
through several mechanisms, including the stimulation of mucin production, strengthening of tight junction 
proteins, and inhibition of pathogenic bacterial colonization. For example, butyrate has been shown to 
upregulate the expression of tight junction proteins such as claudins and occludins, reinforcing epithelial 
integrity and reducing intestinal permeability often referred to as “leaky gut.” When this barrier function is 
compromised, it can lead to systemic inflammation and has been implicated in a variety of chronic diseases, 
including metabolic syndrome, cardiovascular disease, and neurological disorders[21]. 
In addition to fermentation and immune regulation, the gut microbiota is heavily involved in bile acid 
metabolism, a process that significantly influences lipid and glucose homeostasis. Primary bile acids are 
synthesized in the liver from cholesterol and secreted into the intestine, where they aid in the digestion and 
absorption of dietary fats[22]. Gut microbes subsequently convert these primary bile acids into secondary bile 
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acids through enzymatic deconjugation and dehydroxylation processes. These secondary bile acids function as 
signaling molecules that interact with host receptors such as the farnesoid X receptor (FXR) and the G protein-
coupled bile acid receptor (TGR5). Activation of these receptors influences various metabolic pathways, 
including those involved in lipid synthesis, glucose metabolism, and energy expenditure[23]. Thus, the 
microbiota-mediated modification of bile acids represents a key mechanism by which gut microbes can exert 
systemic effects on host metabolism and contribute to the development or prevention of metabolic 
disorders[23]. 
In sum, the gut microbiota performs an array of vital functions that are essential for human health. Through the 
fermentation of dietary fibers into SCFAs, modulation of immune responses, reinforcement of the gut barrier, 
and regulation of bile acid metabolism, this microbial community plays a central role in metabolic, immune, and 
gastrointestinal homeostasis. An imbalance in this finely tuned ecosystem can have profound implications, 
underscoring the importance of maintaining a healthy gut microbiome through diet, lifestyle, and, when 
necessary, therapeutic interventions. 

Gut Microbiome and Obesity 
Microbiota Composition in Obesity 
The composition of the gut microbiota plays a significant role in the development and progression of obesity. 
Numerous studies have consistently shown that obese individuals tend to have a distinctive microbial signature 
when compared to lean individuals. One of the most notable observations is an increased Firmicutes-to-
Bacteroidetes ratio. This shift is thought to favor the extraction of energy from the diet, thereby contributing 
to excessive caloric availability[24]. In addition, obesity is often associated with a reduction in overall microbial 
diversity, a hallmark of dysbiosis. A diverse gut microbiome is generally considered beneficial, as it reflects a 
more resilient and functionally stable microbial community. Reduced diversity in obese individuals suggests a 
loss of important microbial functions and ecological niches, potentially leading to imbalances that promote 
metabolic dysfunction[24]. 
Moreover, specific microbial taxa known to confer metabolic benefits are often depleted in obesity. For example, 
Akkermansia muciniphila, a mucin-degrading bacterium associated with improved gut barrier function and anti-
inflammatory effects, is typically found in lower abundance in obese individuals[25]. The depletion of 
Akkermansia may contribute to increased gut permeability and systemic inflammation, two processes commonly 
linked to obesity-related metabolic disorders. Similarly, levels of Bifidobacterium species, known for their 
probiotic effects and ability to modulate immune responses, are also reduced in obesity. These bacteria help 
maintain intestinal integrity and produce metabolites that influence host metabolism favorably. Their decreased 
presence further underscores the compromised metabolic environment in obese individuals[25]. 
The changes in microbiota composition observed in obesity are influenced by a range of factors, including diet, 
genetics, lifestyle, and environmental exposures. Diet, particularly the consumption of high-fat and low-fiber 
foods, is a major modulator of microbial structure. Such dietary patterns promote the growth of bacteria that 
may encourage energy storage, low-grade inflammation, and insulin resistance[25]. Furthermore, the gut 
microbiota in obesity is often less responsive to dietary interventions, potentially hindering weight loss 
efforts[26]. Understanding the complex relationships between microbiota composition and obesity may provide 
new insights into therapeutic strategies. Interventions such as prebiotics, probiotics, dietary modification, and 
even fecal microbiota transplantation are being explored as ways to restore a healthy gut microbial balance and 
combat obesity-related metabolic impairments. 
Mechanistic Insights 
The gut microbiota contributes to obesity through several interrelated mechanisms that involve energy 
regulation, metabolic signaling, and inflammation[27]. One of the key pathways is enhanced energy harvesting 
from the diet. Gut microbes possess a diverse array of enzymes capable of breaking down complex 
polysaccharides that are otherwise indigestible by human enzymes[27]. These polysaccharides are fermented 
into short-chain fatty acids (SCFAs) such as acetate, propionate, and butyrate, which serve as additional energy 
sources. The increased production and absorption of these microbial metabolites provide more calories to the 
host, potentially leading to a positive energy balance and weight gain over time. This enhanced energy 
extraction is particularly pronounced in microbiota dominated by Firmicutes, which are efficient fermenters. 
While SCFAs generally have beneficial roles in regulating gut health, inflammation, and satiety, excessive SCFA 
production in the context of obesity may contribute to metabolic disturbances. Specifically, acetate and butyrate 
have been shown to stimulate lipogenesis in the liver, increasing fat deposition. Moreover, acetate may act as a 
substrate for cholesterol and fatty acid synthesis, further promoting adiposity. Thus, although SCFAs are 
essential for maintaining colonic health and energy homeostasis, their overproduction in an obese microbiome 
can paradoxically facilitate fat accumulation[28]. 
Another critical mechanism is the development of metabolic endotoxemia, which is largely influenced by dietary 
patterns. High-fat diets can disrupt gut barrier function by altering the expression of tight junction proteins, 
increasing intestinal permeability. This compromised barrier allows bacterial components such as 
lipopolysaccharides (LPS) from gram-negative bacteria to translocate into the systemic circulation. Circulating 
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LPS is recognized by the immune system as a danger signal and can trigger low-grade, chronic inflammation 
through the activation of Toll-like receptor 4 (TLR4)[29]. This inflammatory state is a major driver of insulin 
resistance and other metabolic derangements seen in obesity. 
These microbiota-mediated mechanisms underscore the dynamic interplay between the gut and host 
metabolism. They illustrate how microbial activities extend beyond digestion and profoundly influence energy 
storage, immune responses, and systemic metabolic outcomes. Unraveling these mechanisms not only deepens 
our understanding of obesity pathophysiology but also opens new avenues for therapeutic targeting of the gut 
microbiome. Strategies such as dietary modulation, selective microbiota enrichment, and anti-inflammatory 
interventions hold promise in mitigating the impact of gut-derived signals on obesity and its associated 
complications. 

Gut Microbiome and Diabetes 
Type 2 Diabetes (T2D) 
Type 2 diabetes (T2D) is a complex metabolic disorder primarily marked by chronic hyperglycemia, which 

results from a combination of insulin resistance and progressive β-cell dysfunction[1, 30, 31]. The gut 
microbiota has emerged as a significant modulator in T2D pathogenesis. Patients with T2D often exhibit a state 
of gut dysbiosis, characterized by decreased microbial diversity and specific compositional shifts. One notable 
alteration is the reduced abundance of Faecalibacterium prausnitzii, a prominent butyrate-producing bacterium 
known for its anti-inflammatory properties and role in maintaining gut barrier integrity. At the same time, there 
is often an increase in opportunistic and potentially pro-inflammatory bacterial taxa such as Ruminococcus gnavus 
and Bacteroides[13, 14]. These microbial imbalances contribute to a systemic pro-inflammatory environment 
and can exacerbate insulin resistance. Furthermore, altered microbial metabolism in T2D affects the production 
of short-chain fatty acids (SCFAs) and branched-chain amino acids (BCAAs), both of which are critical in energy 
metabolism and insulin signaling. The gut-liver axis also becomes impaired, leading to dysregulated bile acid 
signaling and increased endotoxemia. Together, these changes suggest that targeting the gut microbiome may 
offer a promising therapeutic avenue for T2D prevention and management[32]. 
Type 1 Diabetes (T1D) 

Type 1 diabetes (T1D) is an autoimmune condition characterized by the destruction of pancreatic β-cells, leading 
to absolute insulin deficiency. While the genetic predisposition plays a critical role in T1D, environmental 
factors, especially gut microbiota alterations, are increasingly recognized as crucial in disease onset and 
progression[33]. Studies have shown that children at risk for T1D often exhibit early-life microbial dysbiosis 
marked by reduced bacterial diversity and a lower abundance of beneficial SCFA-producing bacteria such as 
Bifidobacterium and Akkermansia. These beneficial microbes are known for their role in regulating gut barrier 
function, maintaining immune homeostasis, and suppressing inflammation[34]. A compromised gut barrier due 
to decreased SCFA levels can lead to increased intestinal permeability or "leaky gut," allowing microbial 
antigens and endotoxins to enter circulation and trigger systemic immune responses. This heightened immune 
activity may contribute to the breakdown of self-tolerance and the activation of autoreactive T cells against 

pancreatic β-cells. Additionally, the timing of microbiota shifts, especially during critical windows of immune 
development in early childhood, appears to influence the trajectory toward autoimmunity[35]. Understanding 
these microbiota-host interactions opens up potential for microbiome-based interventions as preventive 
strategies in high-risk individuals. 
Key Mechanisms 
Several interrelated mechanisms link gut microbiota alterations to the development and progression of diabetes. 
One central mechanism is gut barrier dysfunction. In both T1D and T2D, increased intestinal permeability often 
referred to as "leaky gut" permits the translocation of microbial antigens, endotoxins, and other inflammatory 
stimuli into the bloodstream. This promotes systemic immune activation and low-grade inflammation, which 
contributes to insulin resistance and autoimmunity. Another crucial mechanism involves immune 
modulation[36]. The gut microbiota plays a key role in shaping immune responses by influencing T cell 
differentiation. In the context of diabetes, altered microbial antigen presentation and SCFA deficiencies can skew 
immune responses toward pro-inflammatory T helper 1 (Th1) and Th17 phenotypes, exacerbating immune-

mediated β-cell destruction in T1D and insulin resistance in T2D. Additionally, bile acid metabolism is 
significantly influenced by the gut microbiota. Secondary bile acids, produced by microbial enzymes, can bind 
to host receptors such as farnesoid X receptor (FXR) and Takeda G protein-coupled receptor 5 (TGR5)[37]. 
Activation of these receptors affects glucose and lipid metabolism, energy expenditure, and insulin sensitivity. 
Dysbiosis disrupts this bile acid signaling axis, further impairing metabolic homeostasis. Collectively, these 
mechanisms highlight the gut microbiota as a critical interface in the pathophysiology of diabetes[37]. 

Therapeutic Implications 
Probiotics 
Probiotics are live microorganisms that, when administered in adequate amounts, confer health benefits to the 
host. Specific strains such as Lactobacillus and Bifidobacterium have been shown to improve metabolic health, 
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particularly in individuals with obesity and diabetes.[38] Clinical trials demonstrate that probiotic 
supplementation can enhance insulin sensitivity, reduce systemic inflammation, and improve lipid profiles by 
restoring gut microbial balance[39]. These effects are largely mediated through modulation of gut permeability, 
reduction of pro-inflammatory cytokines, and increased production of beneficial short-chain fatty acids (SCFAs). 
Continued research is uncovering strain-specific effects and optimal dosing strategies for metabolic disease 
management.[39] 
Prebiotics and Synbiotics 
Prebiotics are non-digestible food components such as inulin, fructooligosaccharides (FOS), and 
galactooligosaccharides (GOS) that selectively stimulate the growth and activity of beneficial gut bacteria. Their 
fermentation by the gut microbiota leads to the production of SCFAs, which play crucial roles in energy 
metabolism, inflammation control, and gut barrier integrity[40]. Synbiotics, which combine probiotics and 
prebiotics, offer synergistic benefits by enhancing the survival and colonization of beneficial microbes while 
simultaneously fueling their activity. Together, these compounds have been associated with improved glucose 
homeostasis, lipid metabolism, and immune modulation in individuals with obesity or type 2 diabetes, making 
them valuable tools for metabolic intervention[40]. 
Fecal Microbiota Transplantation (FMT) 
Fecal Microbiota Transplantation (FMT) involves the transfer of stool containing a complex microbial 
community from a healthy donor to the gastrointestinal tract of a recipient. Initially successful in treating 
recurrent Clostridioides difficile infections, FMT has recently shown promise in metabolic disease contexts[41]. 
Early clinical studies report that FMT from lean, healthy donors to individuals with metabolic syndrome can 
transiently improve insulin sensitivity and reduce markers of systemic inflammation[41]. The beneficial effects 
are thought to stem from restored microbial diversity and functional shifts in metabolite production, including 
SCFAs and bile acids. However, long-term efficacy and safety require further investigation. 
Microbiome-Modulating Drugs 
Microbiome-modulating drugs represent a new frontier in precision medicine, targeting microbial pathways 
that influence host metabolism. These therapeutics are designed to selectively enhance or inhibit specific 
microbial functions, such as short-chain fatty acid production, lipopolysaccharide (LPS) biosynthesis, and bile 
acid transformation[42]. For example, drugs that promote SCFA synthesis may improve insulin sensitivity and 
reduce inflammation, while inhibitors of LPS production could attenuate metabolic endotoxemia. Some agents 
also modulate gut-brain signaling pathways involved in appetite regulation[43]. Unlike broad-spectrum 
antibiotics, these drugs offer targeted intervention without disrupting overall microbial balance. They hold 
great promise for treating diabetes and obesity with minimal side effects. 
Diet and Lifestyle 
Diet and lifestyle choices are among the most powerful modulators of the gut microbiome. Diets rich in fiber, 
polyphenols, and plant-based components such as the Mediterranean diet foster microbial diversity and the 
abundance of beneficial taxa like Akkermansia muciniphila and Bifidobacterium[44]. These bacteria contribute to 
enhanced SCFA production, improved gut barrier integrity, and reduced systemic inflammation. Conversely, 
high-fat, low-fiber Western diets promote dysbiosis and metabolic dysfunction. Physical activity also supports 
a healthier microbiome by enhancing microbial richness and metabolic resilience. Sustainable dietary and 
lifestyle interventions not only shift microbial composition favorably but also help in long-term management of 
obesity and diabetes[44]. 

Future Perspectives 
Although microbiome-based therapies show great promise, challenges remain, including inter-individual 
variability, regulatory hurdles, and long-term safety. Integrating multi-omics approaches—metagenomics, 
metabolomics, and transcriptomics—will enable more precise characterization of microbiome–host interactions. 
Personalized nutrition and targeted microbial interventions represent the frontier of metabolic disease 
management. 

CONCLUSION 
The gut microbiome is a central player in the pathogenesis and potential treatment of diabetes and obesity. 
Mechanistic insights into microbial regulation of host metabolism have paved the way for innovative therapeutic 
strategies. A deeper understanding of microbial ecology, host genetics, and environmental influences will be 
critical to fully harness the microbiome’s therapeutic potential in combating metabolic diseases. 
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