Review:     Targeting the Gut: Microbiota as a Modulator of Insulin Resistance

Abstract: The gut microbiota, which is a group of different microbes that live in the digestive system, has a new role as an important regulator of metabolic health. This study looks at the complicated link between the microbiota in our guts and insulin resistance. It looks at the processes at play, how the composition changes, and what might happen after treatment. Dysbiosis, which is marked by a lack of variety in microbes and a mismatch between good and bad species, makes insulin resistance worse. This disease makes it harder for the body to make short-chain fatty acids (SCFAs), breaks down the barrier in the intestines, and causes inflammation all over the body. Bacteria like Akkermansia muciniphila and Faecalibacterium prausnitzii are needed to keep the metabolism steady. But when Firmicutes and Bacteroidetes levels get out of balance, as well as when endotoxin levels rise, metabolic problems get worse. Changing what you eat, working out, and using treatments that target microbiota, like prebiotics, probiotics, and fecal microbiota transplantation (FMT), may help fix the balance of microbes and lower insulin resistance. Different methods, differences in microbiota between people, and the need for standardized therapeutic treatments are some of the problems that study in this area still faces, even though it is making progress. We need to learn more about the molecular processes that happen in the gut microbiota. Future study should focus on large-scale interventional trials that last a long time. Also, personalized treatments based on the microbiome should be thought about. This review talks about how microbiome-targeted treatments might be used in real life. It also stresses the importance of gut bacteria in managing insulin resistance.
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Introduction:
Insulin resistance (IR) is a fundamental metabolic impairment that underlies the pathogenesis of obesity, type 2 diabetes mellitus (T2DM), and cardiovascular disease. IR's underlying mechanisms are incredibly intricate, and differences between patients and tissues have been noted. Recent studies have progressively uncovered aspects of the gut microbiota and how it contributes to the metabolism of key nutrients during IR. One of the hottest topics in contemporary medical study is the relationship between microbial populations and host metabolism. [1].
Over the last 20 years, research into the causes of obesity and type 2 diabetes mellitus has proliferated due to the devastating epidemics of both conditions. As far as most people are concerned, insulin resistance is a precursor to obesity and type 2 diabetes mellitus, and both conditions are heavily impacted by environmental and hereditary factors [2–4]. Not only that, but other investigations have shown that insulin resistance in these diseases is molecularly driven by low-grade inflammation [5-8].
Additionally, researchers are examining both hereditary and environmental variables [9–14]. Because the relationships between bacteria and their eukaryotic hosts help both sides, the old view has changed, and we shouldn't associate microorganisms with causing disease [15]. The microbiota is a complex community of microorganisms found in the human body, and it contains at least 100 trillion cells.
Since our symbionts' genomes (the microbiome) have hundreds of genes that aren't present in our own genome [16], it's reasonable to think of them as a vital auxiliary organ. The vast bulk of this diverse population, which includes eukaryotic organisms, viruses, and Archaea, cannot be grown. The challenges in accurately replicating bacterial interactions with other microbes and host cells, as well as the unknown growth requirements of the bacteria, media selectivity, stress from cultivation procedures, and the need for completely anoxic conditions, all contribute to this limitation [17]. Culture-independent sequencing is a new technique that has allowed us to discover microbial genes and patterns in human gut microbiota that are related with disease [18–19].Substantial research projects such as MetaHIT [20] and the Human Microbiome Project [21, 22] have brought renewed attention to the microbiota's bacterial component recently. By using this method, the three most common bacterial groups found in the human GI tract were the gram-positive Firmicutes and Actinobacteria, the gram-negative Bacteroidetes, and the gram-positive Bacteroidetes. Among the 200 genera that make up the Firmicutes phylum are Lactobacillus, Mycoplasma, Bacillus, and Clostridium, among many more. Actinobacteria is a major phylum; however, it is mostly detected using fluorescent in situ hybridisation and is frequently ignored in RNA gene sequencing [17, 23]. Although the composition of gut microbiota has been shown to be reasonably steady until old age [24–27], this constancy across time presupposes that several factors stay fixed [27]. Dietary changes significantly influence the microbiome. Within 24 hours, the microbiome of mice changed when they were given a "Western" diet that was high in sugar and fat instead of a low-fat diet that was rich in plant polysaccharides [28]. The gut flora showed clear signs of change just one day after a high-fat, low-fiber diet was changed [29].

The makeup of gut microbiota in health and disease

THE OPTIMAL GUT MICROBIOME

Gut microbiota have been the subject of extensive research thanks to the Human Microbiome Project [21, 30]. Genomic sequencing of 16S ribosomal RNA genes and metagenomics have allowed for a comprehensive analysis of the gut microbiota's composition and function [31]. Some 6457 taxa of gut microbes are now available in the gut MEGA database [32]. Firmicutes and Bacteroides are the most common forms of bacteria found in the human gut microbiota, while other types such as Proteus, Actinomycetes, Fusobacteria, and Verrucomicrobia are also present [33]. Digesting complex carbohydrates, synthesising short-chain fatty acids, enhancing certain lipopolysaccharides, and generating essential vitamins and amino acids are the primary functions of a balanced gut microbiota [34]. The gut microbes also undergo changes as we age. The combination of a less varied diet and the high medicine use among the elderly may cause changes in the composition of their gut flora. This suggests that alterations in disease-associated gut microorganisms may be influenced by age. This emphasizes the necessity of research that differentiates between changes in the gut microbiome caused by ageing and those caused by disease. Age may play a role in the changes in gut microbes that are associated with illness, according to Ghosh et al. [35].  Staying balanced, or being able to withstand changes and return to a healthy condition, is another evidence of a good gut microbiota [36]. This is particularly true following antibiotic therapy. Physiological processes, such as energy metabolism and nutrition absorption, are susceptible to changes in the gut microbiota's composition and metabolism.

The Significance of Gut Microbiota in Human Disease

Obesity and Type 2 Diabetes Mellitus

Over the last 30 years, there has been a dramatic increase in the number of people diagnosed as obese. Current estimates put the number of overweight people at over 1.5 billion, with at least 300 million falling into this category. It is well-established that obesity is associated with an increased risk of developing cardiovascular disease, type 2 diabetes, and high blood pressure over the long run.
It is also associated with low-grade systemic inflammation. All of these things add up to metabolic syndrome, and it's a major problem for people's health. Since being overweight as a mother appears to increase the likelihood of becoming overweight as an adult, the idea that obesity might be contagious is quite concerning [37].
 The balance between energy intake and expenditure is governed by both hereditary and non-genetic variables, such as age, nutrition, and lifestyle, and their interaction determines the development of obesity. The variety of these elements extends beyond personal dietary practices and levels of physical activity; they include intricate regulatory systems that connect intestinal nutrient absorption and digestion to the hypothalamic control of energy balance and eating behavior. An important part of proper nutrition is the work of the gut microbiota, which is located at the point where food is broken down and nutrients are absorbed. A metabolic partnership has evolved between Homo sapiens and its gut microbiota throughout the course of our shared evolutionary history. This partnership allows the microbial symbionts to synthesise vitamins and amino acids and decompose dietary fibres, genes that are missing from the human genome. 
Research on GF mice has revealed that one environmental factor that affects energy balance is the gut flora. The absorption of monosaccharides in the intestines, the fermentation of non-digestible fibre, the storage of these calories in fat tissue, and the oxidation of fatty acids in muscle are all processes that have been shown to be impacted by the microbiota in our gut, according to research [38]. The hormones that regulate glucose homeostasis, intestinal motility, fullness, and eating behaviour are impacted by the SCFA that microbes produce, which in turn affects ghrelin, PYY, and GLP-1 levels [39]. Several human investigations have linked obesity to intestinal dysbiosis. Initial human studies on the influence of the gut microbiome in obesity revealed significant differences in the faecal microbiota between obese individuals and lean controls at the phylum level: the microbiota of obese subjects exhibited an enrichment of Firmicutes and a depletion of Bacteroidetes, resulting in an elevated Firmicutes/Bacteroidetes ratio. The ratio was seen to diminish following weight reduction from either low-carbohydrate or low-fat diets due to elevated Bacteroidetes levels. [40]
Phylogenetic diversity was found to be lower, and genes encoding energy-harvesting enzymes were discovered to be more abundant in the microbiota of obese people, according to subsequent research [35]. Although some studies have demonstrated an elevated Firmicutes/Bacteroidetes ratio in obesity [35, 41], it is possible that higher concentrations of faecal SCFA are more significant for obesity than alteration in the makeup of the gut microbiota [42].However, several reports have failed to confirm this initial observation [42, 43].Nevertheless, numerous studies have identified variations at taxonomical levels below those of the phylum. Initial faecal samples from infants who became obese by age 7 exhibited elevated Staphylococcus levels, whereas the samples from infants who maintained a lean physique were predominantly characterised by Bifidobacterium, particularly B. longum and B. breve [44] Teens who were overweight and followed a low-calorie diet saw changes in their gut microbiota. Specifically, the intestines of the people who lost the most weight had higher concentrations of B. fragilis, C. leptum, and B. catenulatum, and lower concentrations of C. coccoides, B. breve, and B. bifidum. It has been suggested that intestinal colonisation by methanogens, such as M. smithii, could play a role in the onset of obesity [42, 45].One theory for the low-grade systemic inflammation seen in obesity and type 2 diabetes is the invasion of immune cells, especially macrophages, into adipose, liver, and muscle tissues.Insulin resistance may develop when invading macrophages alter the host's homeostatic metabolic signals by secreting pro-inflammatory chemicals. It is still not known what macrophages do or what causes inflammation.
The gut microbiota may influence insulin resistance and the development of low-grade inflammation in metabolic disorders, according to new evidence. In this setting, some have proposed lipopolysaccharide (LPS) as a microbe-induced inflammatory trigger. Initially linked to increased intestinal permeability, mice given a high-fat diet first noticed elevated plasma levels of LPS [1]. When mice receive high-fat diets at physiologic doses of LPS, they develop inflammation, insulin resistance, and enhanced fat mass deposition. The levels of Bifidobacterium and Bacteroides in the faeces of these overweight mice were shown to decrease when they were fed a high-fat diet. Just as metabolic endotoxemia (high levels of LPS in plasma) and a high-fat diet were found to interact in humans, so too are visceral adiposity and increased gut permeability in overweight women, according to the research [46]. Researchers have shown that people with type 2 diabetes have lower levels of F. prausnitzii, according to multiple studies that looked at the link between inflammation, gut microbiota, and diabetes [47]. It seems that people with type 2 diabetes have less Firmicutes and more β-Proteobacteria than healthy individuals. Bacteroidetes/Firmicutes and Bacteroides-Prevotella/C. coccoides-E. rectale ratios were found to correlate with plasma glucose levels in this context [48].
Gut microbiome contributes to insulin resistance.
 Numerous animal and human studies have validated the intricate link between the characteristics of the gut microbiota and insulin resistance [49–51]. In 2004, Gordon et al. transplanted the healthy gut microbiota from mice into germ-free animals. After feeding, they observed an increase in body fat and insulin resistance in the germ-free mice. This discovery established the initial link between gut microbiota and insulin resistance [52].
Additionally, utilising macrogenomic sequencing, differences in the gut microbiota were found between individuals with type 2 diabetes, reduced glucose tolerance, and a control group [53]. Similarly, Vrieze et al. found that individuals with metabolic syndrome showed an improvement in insulin sensitivity six weeks after receiving a transplant of healthy people's gut flora [54].
The gut microbiota often aids energy absorption by boosting triacylglycerol production and blocking fatty acid oxidation; such changes might impact the body's energy balance and cause IR. Gut microbiota dysbiosis can lead to an increase in mucosal permeability in the intestines. Actually, the microflora in the intestines create a number of inflammatory mediators, including lipopolysaccharide (LPS) and branched-chain amino acids (BCAAs). Inflammatory mediators activate toll-like receptors 4 (TLR4), which reduces how well the body responds to insulin, while the BCAAs help boost the immune response.                    
Insulin Resistance and Factors Altering Gut Microbiota
1. The Diet
Metabolic health and insulin resistance are profoundly affected by dietary changes that alter the makeup of the gut microbiota. Three separate microbiota enterotypes were postulated by Arumugam et al. [55]. These enterotypes were defined by different species compositions and, in particular, an enrichment of Ruminococcus, Bacteroides, and Prevotella. The first enterotype is associated with a Western diet heavy in saturated fat, which is associated with an increased inflammatory profile, decreased microbial species diversity, endotoxemia, and elevated blood levels of lactose and other inflammatory markers; these traits are also seen in people who are overweight or obese.
Enterotype II has been associated with a Mediterranean-style diet that is rich in fibre and unsaturated fatty acids but low in refined carbohydrates and saturated fats. This diet has a beneficial effect on the microbiota and protects against metabolic syndrome, type 2 diabetes, cardiovascular disease, and cancer [56]. Endotoxemia is associated with inflammation, although dietary fibres reduce intestinal permeability and can alleviate this condition. This process may also explain why a fiber-rich Mediterranean diet is protective, since fibre intake is associated with increased butyrate production. The third cluster, on the other hand, is less prevalent and not as strongly associated with a certain dietary profile. Its make-up is less uniform as well. Although there are many associations between enterotype classification and various clinical conditions, it is not specific enough to be used as a diagnostic marker for any disease on its own. However, the fact that different enterotypes have different responses to nutritional interventions suggests that everyone should have a personalised approach that is "tailored" to their microbiota.





2.  Physical Activity
The composition of the gut microbiota is significantly affected by physical exercise, which has significant consequences for metabolic health and insulin sensitivity.
 High-intensity training has a deleterious impact on the digestive system, resulting in dysbiosis and "exercise-induced gastrointestinal syndrome". In contrast, moderate-intensity exercise has a positive influence on the composition of the GM, boosting the relative abundance of Akkermansia muciniphila and Oscillospira, as well as raising SCFAs and lactic acid production. [57].
The Relationship between Insulin Resistance and Probiotic and Prebiotic Supplementation

One innovative and promising strategy for treating insulin resistance and changing the gut flora is to take probiotic and prebiotic supplements. By strengthening the intestinal barrier, reducing inflammation, and lowering blood toxicity, probiotics like Lactobacillus and Bifidobacterium increase insulin sensitivity [58, 59]. An uptick in short-chain fatty acid (SCFA) synthesis, especially of butyrate—a key player in immune response and glucose metabolism regulation—mediates these effects [60].
 Prebiotics, like resistant starch and galactooligosaccharides, help good bacteria grow, which supports gut health and helps with metabolism [61]. Clinical trials have shown that taking probiotics and prebiotics together, known as synbiotics, can work well together to improve blood sugar control and lower signs of insulin resistance [62,63].To maximise their therapeutic uses, additional study is needed to determine how these therapies might differ in effectiveness based on strains, dosages, and individual microbiota profiles [64, 65]. Despite these caveats, treating insulin resistance and associated metabolic diseases with probiotics and prebiotics is a scalable, non-invasive option [66, 67].
Diabetes and the Gut Microbiota: Obstacles and Opportunities 
Several obstacles still lie in the way of practical applications of studies on the gut microbiota's function in metabolic control and insulin resistance (IR), even though our understanding of this role has advanced significantly. Below are the most critical limitations supported by peer-reviewed scientific studies:
1. High Interindividual Variability
The composition and function of the gut microbiota vary greatly between individuals due to differences in genetics, age, diet, geography, antibiotic exposure, and lifestyle. A universal microbial signature linked to insulin resistance is more difficult to identify due to this heterogeneity [68].
2. Causality vs. Correlation
Most current studies establish correlations between dysbiosis and insulin resistance, but proving a causal relationship remains difficult. Interspecies differences limit the translation of these results to humans, despite the instrumental role of germ-free animal models in demonstrating causality [23, 69].
3. Lack of Long-Term Human Interventional Studies
Most clinical studies examining the gut microbiota’s role in insulin resistance are either cross-sectional or short-term interventions. There is a need for well-controlled, long-term randomised trials to determine the efficacy and safety of microbiota-targeted therapies [54, 70].


4. Methodological Inconsistencies
Many new methods and instruments for collecting, storing, sequencing, and analyzing microbiome samples have emerged as a result of technological advancements. Results could vary owing to the inherent biases and limitations of the individual components of these analytical procedures, which might be influenced by methodological variances at each stage. The identification and verification of connections with moderate to small effect sizes are made more difficult by this technological heterogeneity. As a result, a satellite session on nutrition and gut microbiome research was held by the American Society for Nutrition (ASN) Nutritional Microbiology Group Engaging Members (GEM), which was sponsored by the Institute for the Advancement of Food and Nutrition Sciences (IAFNS). The purpose of the session was to review the methods that are currently available for microbiome research, best practices, and tools and standards that can help with method and result comparability. [71].
5. Bidirectional Host-Microbiota Interactions
Insulin resistance may itself alter gut physiology (e.g., bile acid composition, mucin production), thereby affecting microbiota composition. Disentangling cause and effect is a major scientific hurdle [72].

7. Ethical and Regulatory Constraints
One therapeutic technique is fecal microbiota transplantation (FMT), which targets the gut microbiota of recipients, normalizes its composition, and reaps therapeutic benefits by directly regulating it. Presently, FMT treatment has expanded beyond its original use in treating Clostridium difficile infection (CDI) to encompass a wide range of gastrointestinal problems, infections, metabolic diseases, cancer, issues involving the gut-liver or gut-brain axis, etc. To decrease the likelihood of adverse outcomes, thorough donor screening must be conducted before to FMT. It is also critical to determine if the receiver can receive FMT treatment safely and efficiently. Although the intricate relationships between the donor and recipient gut microbiota impact FMT effectiveness, there is no direct correlation between the extent to which the donor microbiota is engrafted and the success rate of FMT. [73].
Conclusions
Evidence suggests that changes to the environment have a significant role in the onset of several illnesses. The main factor that determines obesity and insulin resistance is an imbalance between food intake and energy expenditure, which has been known for a long time. The gut microbiota has now come to light as an important factor in the obesity pandemic, alongside environmental and genetic factors.
  Changes in nutrition or drug exposure, in addition to hereditary factors, might influence it.  Similarly, it has the potential to affect the host's active metabolic pathways, the expression of proteins and enzymes, and even fermentation products.  Although metagenomic methods have characterised microbiota from various regions of the host body under different conditions, a lack of understanding still exists regarding these interactions.  The metabolic repercussions of changes in bacterial phylum proportions with obesity have piqued the interest of scientists throughout the world.  Serum levels of lactate protoplase (LPS), insulin resistance, and excess body fat have all been linked to a shift in bacterial diversity away from Bacteroidetes and towards Firmicutes and Actinobacteria.  Unravelling the processes underlying this control might lead to treatments for type 2 diabetes and obesity; however, the exact ways are still unknown.\
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