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Abstract

Purpose of Review: An increasing body of evidence suggests that the gut microbiome 

influences the pathogenesis of insulin resistance and type 2 diabetes (T2D). In this review, we will 

discuss the latest findings regarding the mechanisms linking the gut microbiome and microbial 

metabolites with T2D and therapeutic approaches based on the gut microbiota for the prevention 

and treatment of T2D.

Recent Findings: Alterations in the gut microbial composition are associated with the risk of 

T2D. The gut microbiota can metabolize dietary- and host-derived factors to produce numerous 

microbial metabolites, which are involved in metabolic processes modulating nutrition and energy 

harvest, gut barrier function, systemic inflammation, and glucose metabolism.

Summary: Microbial metabolites are important mediators of microbial-host crosstalk impacting 

host glucose metabolism. Furthermore, microbiome-based interventions may have beneficial 

effects on glycemic control. Future research is required to develop personalized T2D therapy 

based on microbial composition and/or metabolites.
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Introduction

T2D is a highly prevalent metabolic disorder characterized by insulin resistance and 

insufficient compensatory circulating insulin. In the US, 13% of adults aged 18 or older have 

diabetes, of which 90–95% is T2D [1]. Though the prevalence of T2D in children and 

adolescents is substantially lower (up to 0.03%) [1], T2D is an increasing concern in this age 

group. The incidence of T2D in individuals aged 10 to 19 increased from 9.0 per 100,000 in 

2002–2003 to 13.8 per 100,000 in 2014–2015 [2]. Although genetic factors play a critical 

role in the etiology of T2D, the remarkable increase in T2D prevalence in recent years has 

been driven by dramatic changes in non-genetic factors, including diet and physical activity. 

Recently, mounting evidence supports a critical role of the gut microbiota as a factor 

(beneficial or harmful) in the development of T2D. The gut microbiota exerts a great variety 

of functions impacting human physiology, including modulation of host nutrition and energy 

harvest, vitamin synthesis, fermentation of indigestible carbohydrates, regulation of the 

intestinal mucosal barrier, development of the host immune system, and protection against 

pathogens [3].

The human gastrointestinal (GI) tract contains a dynamic community of >1014 microbial 

cells, which in total is comprised of ~ 1,000 species including bacteria, archaea, viruses, and 

eukaryotes [4]. The collective genomes of the gut microbiota (metagenome) represent >100-

fold more genes than encoded in the human genome, indicating the vast metabolic features 

provided to the host [5]. The human gut microbiota is composed of 6 main phyla: 

Firmicutes, Bacteroidetes, Actinobacteria, Fusobacteria, Verrucomicrobia, and 

Proteobacteria. Over 90% of the bacterial species present in the gut of adults belong to 

Firmicutes (mainly gram-positive) and Bacteroidetes (gram-negative) [6]. Initially 

influenced by mode of birth, the gut microbiome is established by age 2–3, resembling an 

adult microbiome, and remains relatively stable during adulthood [7]; yet it is responsive to 

dietary and medication alterations [8, 9].

The recent advances in high-throughput metagenomic sequencing (MGS) technologies have 

increased our knowledge of the symbiotic relationship between the gut microbiome and its 

host [4]. MGS enables researchers to identify pathogenic mechanisms of the microbiome 

related to host disease and provides insights into modulation of the gut microbial community 

for preventative and therapeutic purposes. In this review, we discuss the role of the gut 

microbiome on the development of T2D through microbial metabolites including short-chain 

fatty acids (SCFAs), branched-chain amino acids (BCAAs), bile acids, trimethylamine-N-

oxide (TMAO), indole derivatives and imidazole propionate (ImP). Therapeutic approaches 

of gut microbiota manipulation to prevent and treat T2D are also discussed.

Gut microbiota and type 2 diabetes

Disruptions in the balance of gut microbial populations are linked with risk of obesity and 

T2D [10]. Reduced intestinal bacterial diversity (bacterial species number or richness) is 

associated with increased insulin resistance, adiposity, lipid levels, and inflammation [11]. 

The movement of gram-negative bacteria (e.g., Proteobacteria) out of the intestinal lumen 

and into the tissues of the host precedes the onset of T2D and abdominal adiposity [12]. Gut 
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microbial metabolites can also slow intestinal transit, which may contribute to obesity risk 

by increasing energy absorption [10].

Several studies (Table 1) have performed large-scale microbiome profiling in T2D cases and 

controls. In 2010, Larsen et al. conducted one of the first studies in humans comparing the 

gut microbiota between individuals with T2D and healthy controls; T2D was associated with 

compositional changes in the gut microbiota at the phylum level using principal component 

analysis [13]. They found that phylum Firmicutes and class Clostridia were less abundant in 

the diabetic group compared to the control group, whereas class Betaproteobacteria was 

more enriched in diabetic persons and positively correlated with plasma glucose level. Many 

butyrate-producing bacteria in the human colon belong to the Firmicutes phylum and in 

particular class Clostridia [14, 15]. Thereafter, in two large MGS studies conducted in 

Chinese and European cohorts respectively, a common observation was that butyrate-

producing bacteria (e.g., Roseburia intestinalis and Faecalibacterium prausnitzii), known for 

their anti-inflammatory properties [16], were less abundant in subjects with T2D [17, 18]. In 

a combined analysis of these two datasets, depletion of butyrate-producing taxa in T2D 

remained even after controlling for the microbiome-altering effects of metformin [19]. In 

another study, an increased level of F. prausnitzii was found to be associated with an anti-

diabetic effect observed immediately after gastric bypass surgery, decoupled from significant 

weight loss [20].

A study including 277 non-diabetic Danish individuals showed that people with insulin 

resistance had increased levels of serum BCAAs, resulting from increased production of 

BCAA and reduced transport into bacterial cells [21]. Prevotella copri and Bacteroides 
vulgatus were identified as the main species driving the biosynthesis of BCAAs. They also 

demonstrated that P. copri could induce insulin resistance and elevate circulating levels of 

BCAAs in mice, suggesting that intestinal microbiota could be an important source of 

increased levels of BCAAs and play a key role in insulin resistance.

Using 16S ribosomal DNA (rDNA)-based sequencing, Zhang et al. found a lower abundance 

of Akkermansia muciniphila in individuals with prediabetes and newly diagnosed T2D, 

indicating that low abundance of this bacteria could be considered as a biomarker of glucose 

intolerance [22]. A. muciniphila is a human intestinal mucin-degrading bacterium that 

represents 3–5% of the human gut microbial community. Dao et al. showed an association 

between high abundance of A. muciniphila and healthier metabolic status in overweight/

obese adults [23]. This study also demonstrated that higher abundance of A. muciniphila at 

baseline was associated with better clinical outcomes including glucose homoeostasis, blood 

lipids and body composition after calorie restriction. Metformin treatment has also been 

observed to increase levels of A. muciniphilia, which might mediate some of its metabolic 

benefits [9].

Recent studies discovered that the Firmicutes/Bacteroidetes ratio was significantly higher in 

patients with T2D than in healthy controls [24]. In contrast, other studies in Chinese, 

European and Danish cohorts found a lower Firmicutes/Bacteroidetes ratio in individuals 

with T2D [17, 18, 21]. The inconsistency between studies is probably due to confounding 

factors such as different sequencing techniques, study populations, diet and medication use. 
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More controlled studies considering these confounding variables are needed. Variables not 

related to the disease of interest can considerably affect microbiome results [25].

In summary, the results to date have identified an association between gut microbiota and 

T2D; some rodent stool transplant studies even suggest causality of the gut microbiome on 

metabolic traits. Given variation between studies in humans, a common T2D microbiome 

signature has not emerged; however, several common themes have been observed regarding 

key microbial-derived metabolites, described below.

Microbial metabolites and type 2 diabetes

Several microbial metabolites are involved in the regulation of host metabolism and gut 

integrity, making them important links between the gut microbiome and the development of 

insulin resistance and T2D. Candidates for metabolically beneficial metabolites include 

SCFA, bile acids, sulfur-containing amino acids, indole derivatives, and vitamins (e.g., 

folate) while potentially harmful metabolites include BCAA, lipopolysaccharide (LPS), 

phenol, p-cresol, ammonia, amines, and methane [26]. Below, we highlight several 

metabolites of interest (Figure 1). Of note, while the balance of literature may suggest a 

particular metabolite is beneficial or harmful, it is often possible to find papers that come to 

opposite conclusions, depending on the experimental system used.

Short-chain fatty acids

The fermentation of non-digestible carbohydrates in the colon by the microbial community 

yields SCFAs. Acetate, propionate and butyrate are the most abundant SCFAs produced by 

this process. Butyrate is locally consumed in the gut as the primary energy source for 

colonocytes; propionate is utilized in the liver for gluconeogenesis while substantial amounts 

of acetate are utilized in the peripheral tissues [27]. SCFAs have been extensively reported to 

improve glucose homeostasis and metabolism in adipose, muscle, and liver [28]. SCFAs 

bind to G protein-coupled receptors GPR41 (Free Fatty Acid Receptor 3 or FFAR3) and 

GPR43 (Free Fatty Acid Receptor 2 or FFAR2) [29], which are expressed in a variety of 

cells including enteroendocrine cells, intestinal epithelial cells and the pancreatic islets [30]. 

GPR41 activation stimulates the secretion of peptide YY (PYY), which increases satiety 

[31]. Activation of GPR43 promotes the release of glucagon-like peptide-1 (GLP-1), which 

improves insulin secretion and inhibits glucagon secretion and also promotes satiety [32]. 

SCFAs, via GPR41, can also stimulate the production by adipose tissue of leptin, a hormone 

that regulates long-term food intake and energy expenditure [33]. Kimura et al. found that 

mice lacking GPR43 exhibited obesity on a normal diet, whereas transgenic mice with 

adipose-specific overexpression of GPR43 remained lean even when consuming a high-fat 

diet [34]. They further showed that SCFA-mediated activation of GPR43 suppressed adipose 

tissue-specific insulin signaling, which inhibited fat accumulation in white adipose tissue 

and enhanced energy utilization in other tissues, thereby maintaining metabolic homeostasis. 

The study found that although GPR43 suppressed insulin signaling in adipose tissue, 

systemic insulin sensitivity was enhanced in mice overexpressing GPR43.

SCFA have insulin sensitizing effects [35], and can improve metabolism by activating 

intestinal gluconeogenesis [36]. Butyrate inhibits histone deacetylase (HDAC); HDAC 
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inhibition has been shown to promote β-cell development, proliferation, differentiation and 

function and inhibit apoptosis [37]. SCFAs have been shown to reduce mucosal and chronic 

systemic inflammation, probably due to suppression of proinflammatory cytokines such as 

tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6) [38], induction of anti-

inflammatory cytokines [39], and reduction of immune cell infiltration into adipose tissue 

[40]. Butyrate is linked to enhanced gut integrity and intestinal barrier function through 

upregulation of tight junction protein claudin-1 expression and through redistribution of 

zonula occludens-1 (ZO-1) and occludin in cellular membranes [41].

Increased acetate production due to an altered gut microbiota in rodents leads to activation 

of the parasympathetic nervous system, resulting in increased glucose-stimulated insulin 

secretion and increased ghrelin secretion. This caused a positive feedback loop leading to 

hyperphagia, increased fat storage, and the associated sequelae of obesity [42]. In mice 

dietary supplementation with butyrate and propionate can protect against high-fat diet-

induced obesity and insulin resistance [43]. Long-term colonic propionate delivery 

significantly reduced body weight gain and intra-abdominal fat accumulation and prevented 

deterioration in insulin sensitivity in overweight adults [44]. In a bidirectional Mendelian 

randomization (MR) study including 952 normoglycemic individuals, Sanna et al. 

discovered that host genetic variation resulting in increased production of butyrate was 

associated with improved insulin response (P = 9.8 × 10−5), whereas increased propionate 

levels were causally related to an increased risk of T2D (P = 0.004) [45]. Recently, Tirosh et 

al. showed that propionate increased glucagon and the adipokine fatty acid-binding protein 4 

(FABP4) production, which stimulated glycogenolysis and hyperglycemia, leading to insulin 

resistance in mice and humans [46]. In summary, while the balance of literature suggests 

butyrate has beneficial effects, data are more mixed for propionate and acetate.

Branched-chain amino acids

BCAAs (leucine, isoleucine, and valine), characterized by non-linear aliphatic side-chains, 

are among the essential amino acids synthesized by gut microbiota. BCAAs have emerged 

as biomarkers of insulin resistance and predictors of T2D and cardiovascular diseases [47, 

48]. Human studies have demonstrated that elevated levels of plasma BCAAs are associated 

with insulin resistance and an increased risk of T2D [21, 49]. Reduced dietary intake of 

BCAAs restores metabolic health with improved glucose tolerance and insulin sensitivity in 

obese mice, even as they continue to be fed a high-fat, high-sugar diet [50]. One mechanism 

underlying altered BCAA levels is that insulin resistance may cause reduced suppression of 

proteolysis [51]. Another mechanism may be that impaired adiponectin signaling contributes 

to reductions in BCAA catabolism in peripheral tissues in T2D [52].

Given the positive correlation between fasting plasma BCAA levels and homeostasis model 

assessment of insulin resistance (HOMA-IR), investigators conducted a bidirectional MR 

study to interrogate causality [53]. While the genetic risk score (GRS) for circulating BCAA 

levels was not associated with HOMA-IR or fasting insulin levels, the GRS for insulin 

resistance traits was significantly associated with increased plasma BCAA levels. These 

results suggest that higher BCAAs do not have a causal role on insulin resistance while 

insulin resistance has a causal effect on higher circulating BCAA levels. While more data 
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are needed to conclusively establish the cause and effect relationships between BCAAs and 

insulin resistance, the current evidence suggests BCAA as a promising target for risk 

stratification and possible treatment of obesity and insulin resistance.

Bile acids

Bile acids (cholic acid and chenodeoxycholic acid) are steroid molecules produced in 

hepatocytes from cholesterol and then further processed into secondary bile acids by the 

intestinal microbiota, facilitating absorption and transport of dietary lipids. Taurocholic acid, 

glycocholic acid, taurochenodeoxycholic acid and glycochenodeoxycholic acid are the 

major secondary bile acids in humans [54]. Microbiota can shape the bile acid pool; bile 

acids, in turn, can also regulate the gut microbiota composition due to their antimicrobial 

activity [55]. By binding to the nuclear farnesoid X receptor (FXR) and G protein-coupled 

bile acid receptor-1 (Takeda G protein-coupled receptor-5 or TGR5), bile acids (e.g., 

lithocholic acid) can stimulate secretion of the incretin hormone GLP-1 by intestinal L cells, 

thus regulating glucose metabolism and improving insulin sensitivity [56, 57]. Bile acids 

also decrease hepatic gluconeogenesis, promote glycogen synthesis, increase energy 

expenditure, stimulate insulin secretion, and attenuate inflammation [57]. Administration of 

oral vancomycin significantly reduced gut microbiota diversity in male subjects with 

metabolic syndrome, with a decrease in gram-positive bacteria from the Firmicutes phylum 

and an increase in gram-negative bacteria from the Proteobacteria phylum [8]. Vancomycin 

decreased plasma secondary bile acids deoxycholic acid, lithocholic acid and iso-lithocholic 

acid but increased the primary bile acids cholic acid and chenodeoxycholic acid. Moreover, 

administration of vancomycin decreased peripheral insulin sensitivity, with reduction in 

fecal secondary bile acids correlating with reduction in insulin sensitivity. Given the 

generally beneficial effects of bile acids described above, it seems paradoxical that treatment 

of diabetic patients with the bile acid sequestrant colesevelam leads to improved glycemic 

control [58]. By interrupting enterohepatic recirculation and depleting the bile acid pool, 

colesevelam results in upregulation of cholesterol 7-α-hydroxylase, increasing the 

conversion of cholesterol to bile acids, which leads to enhanced expression and activity of 

HMG-CoA reductase and increased expression of LDL-cholesterol receptors on hepatocytes 

[59]. Given that reduced HMG-CoA reductase activity has been causally linked to 

dysglycemia [60], we propose that the effect of colesevelam to increase HMG-CoA 

reductase activity is responsible for its glucose lowering effect (rather than a mechanism 

involving bile acids).

Trimethylamine N-oxide

Trimethylamine (TMA) is an amine synthesized exclusively by the gut microbiota from 

dietary nutrients including choline, betaine, lecithin, and carnitine, which are enriched in red 

meat and liver and other animal products. TMA is subsequently oxidized in the liver by 

flavin-containing monooxygenase 3 (FMO3) into TMAO [61]. A recent dietary intervention 

study found that chronic red meat intake significantly increased systemic TMAO levels 

through enhanced production and reduced elimination of TMAO, compared to isocaloric 

white meat and non-meat diets [62]. Higher plasma TMAO was associated with an increased 

risk of newly diagnosed T2D in a case-control study of 2,694 participants [63]. In a recent 

MR study with 149,821 subjects by Jia et al., TMAO did not have a causal effect on T2D, 
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whereas T2D was causally associated with increased TMAO levels [64]. Dietary TMAO 

increased fasting insulin levels and HOMA-IR and exacerbated impaired glucose tolerance 

in high fat diet-fed mice by interfering with the hepatic insulin signaling pathway and 

inducing inflammation in adipose tissue [65]. Silencing FMO3 in mice decreased circulating 

TMAO levels as well as glucose and insulin, whereas FMO3 overexpression in a human 

hepatoma cell line resulted in increased glucose secretion and insulin resistance [66]. In the 

POUNDS Lost trial, reduction in TMAO, choline and L-carnitine due to dietary changes 

were associated with improved insulin sensitivity [67].

Indole derivatives

Indole is a signaling molecule produced from the essential amino acid tryptophan by the 

bacterial enzyme tryptophanase [68]. Indole influenced GLP-1 secretion by intestinal L-cells 

in vitro, with effects differing based on duration of exposure [69]. Indolepropionic acid, a 

microbial metabolite from tryptophan, was associated with lower risk of developing T2D 

and better insulin sensitivity and negatively correlated with low-grade inflammation [70]. 

The beneficial effects of indolepropionic acid might relate to the interplay between dietary 

fiber intake and inflammation or by a direct effect on β-cell function [71]. Indole-3-acetic 

acid (IAA) was shown to ameliorate insulin resistance, lipid dysmetabolism, oxidative stress 

and inflammation, protecting against liver injury in mice fed with high-fat diet [72].

Imidazole propionate

ImP is a metabolite produced from histidine by the gut microbiota. Koh et al. recently 

demonstrated that the concentrations of ImP were higher in subjects with versus without 

T2D [73]. They showed that the fecal microbiota from patients with T2D had increased 

capacity of producing ImP in an in vitro gut simulator (a stabilized fermenter with microbial 

community in an anaerobic and reducing environment mimicking that of the human gut). 

Administration of ImP impaired glucose tolerance in mice. They further showed that ImP 

inhibited insulin signaling at the level of insulin receptor substrates (IRS, both IRS1 and 

IRS2) through activation of a signaling pathway involving mechanistic target of rapamycin 

complex 1 (mTORC1). Their findings indicated that the microbial metabolite ImP may play 

a role in the pathogenesis of T2D.

Microbiome-based therapeutic applications in T2D

Fecal microbiota transplant

Fecal microbiota transplant (FMT) is the process of transferring the fecal microbes of a 

healthy donor into a recipient. FMT has been effective in the treatment of recurring 

Clostridium difficile infection. Recently, its potential in treating other diseases including 

metabolic disorders has been explored. Vrieze et al. demonstrated that FMT from lean 

donors to adult males with metabolic syndrome resulted in improvements in peripheral 

insulin sensitivity and an increase in butyrate-producing bacteria in the recipient’s fecal 

microbiota [16]. The beneficial effects of lean donor FMT may be influenced by the baseline 

fecal microbiota composition (diversity) of the recipients [74]. Current evidence for FMT as 

a therapeutic tool to improve insulin sensitivity is limited by small sample sizes and absence 

of data on glycemic control; hence, more studies will be required to explore the effects and 

Zhu and Goodarzi Page 7

Curr Nutr Rep. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



potential risks of such treatment and to eliminate the threat of transplantation of pathogenic 

bacteria.

Dietary interventions

The richness and composition of the gut microbial community can be altered by diet. An 

animal-based diet was shown to decrease the abundance of Firmicutes that metabolize plant 

polysaccharides, leading to reduced production of beneficial SCFAs [75]. A recent meta-

analysis reported that dietary interventions modulated the gut microbiota and improved 

glucose control, as represented by HbA1c, while no improvement in fasting blood glucose, 

fasting insulin, or HOMA-IR was found [76]. In another clinical study, high dietary fiber 

intake selected promoted a group of SCFA-producing bacteria and improved HbA1c levels, 

partly via increased GLP-1 production. Promotion of these SCFA producers also decreased 

producers of detrimental metabolites such as indole and hydrogen sulfide [77].

Inulin (naturally occurring soluble dietary fiber) treatment was found to reduce fasting blood 

glucose and decrease insulin resistance associated with increased serum GLP-1 level in 

diabetic rats [78]. In these rats, treatment elevated levels of Lactobacillus and SCFA-

producing bacteria Lachnospiraceae, Phascolarctobacterium, and Bacteroides, whereas the 

abundance of Desulfovibrio, which produces LPS, was decreased. A human study showed 

that while treatment with only inulin did not reduce fasting blood glucose, administration of 

inulin with sodium butyrate significantly lowered fasting blood glucose [79]. A recent meta-

analysis suggested that inulin-type carbohydrate intervention might reduce fasting plasma 

glucose, fasting insulin, HbA1c and HOMA-IR, with little effect on BMI [80].

The response to dietary intervention can vary substantially among individuals due to 

interindividual differences in gut microbiota composition [81]. Analysis of the gut microbial 

composition can be used to identify individuals who would benefit from dietary 

interventions and to customize personalized dietary interventions according to bacterial 

composition. Synergistic therapies involving both bacteria and prebiotics may also be a 

promising future approach for the prevention and treatment of T2D.

Probiotics

Probiotics are live microorganisms that confer health benefits on the host when administered 

in proper amounts. Lactobacillus paracasei, L. rhamnosus and Bifidobacterium animalis 
attenuated weight gain and significantly improved glucose-insulin homeostasis and hepatic 

steatosis when individually administered to high fat diet-fed mice [82]. Furthermore, 

statistical analysis of fecal bacterial 16S rRNA genes showed that the supplemented strains 

shifted the overall microbiota structure of the high fat diet-fed mice toward that of lean mice 

fed a normal diet. Oral administration of Lactobacillus casei Shirota suppressed plasma 

levels of lipopolysaccharide-binding protein (LBP, a marker of endotoxemia) and improved 

insulin resistance in diet-induced obese mice [83]. L. casei Zhang administration improved 

glucose tolerance in high fructose-induced hyperinsulinemic rats [84]. Dietary 

supplementation with Bifidobacterium pseudocatenulatum CECT 7765 was found to reduce 

serum triglyceride, hepatic fat, cholesterol and glucose levels and improve insulin sensitivity 

in obese mice [85]. Administration of A. muciniphila reversed high fat diet-induced 
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metabolic disorders, restored gut barrier function and reduced inflammation in mice [86]. 

Another study showed that administration of a purified membrane protein from A. 

muciniphila or the pasteurized bacteria reduced fat mass and improved insulin resistance and 

dyslipidemia in obese and diabetic mice [87].

In contrast, results from human studies are less clear. A meta-analysis has shown that 

probiotics reduce glucose, HbA1c, insulin and HOMA-IR in participants with diabetes, but 

not in participants with other associated risk factors [88]. In a randomized controlled trial 

(RCT), supplementation with L. acidophilus La5 and B. animalis subsp lactis Bb12 for 6 

weeks did not affect glycemic control in overweight subjects [89]. In another RCT, 

supplementation with L. reuteri DSM 17938 for 12 weeks did not affect HbA1c, liver 

steatosis, or adiposity in patients with T2D. However, it did improve insulin sensitivity in a 

subset of participants likely due to high diversity of their gut microbiota at baseline [90].

Apart from naturally occurring bacteria, genetically modified strains have also been 

developed to promote glycemic control. Oral administration of a recombinant Lactococcus 
lactis strain expressing GLP-1 resulted in increased insulin secretion and improved glucose 

tolerance in rats with T2D [91]. Engineering bacterial vectors with customized gene 

products may be a useful approach in future T2D therapy.

Conclusion

Available evidence suggests that the gut microbiota plays an important role in the 

development of insulin resistance and T2D. Gut microbes affect host glucose metabolism 

through microbial metabolites, which are involved in diverse metabolic pathways. The gut 

microbial composition is significantly different between patients with T2D and healthy 

subjects. In many studies, the gut microbiota in subjects with T2D is less abundant in SCFA 

butyrate-producing bacteria. This may reflect dietary habits given that individuals with T2D 

tend to consume a high-fat, high-glycemic index, low-fiber dietary pattern compared to 

healthy individuals [92]. We have highlighted several metabolites of interest. Future efforts 

are needed to integrate knowledge of these metabolites with the MGS studies, looking for 

effects on production and clearance of these metabolites. Prospective studies are needed to 

identify pathogenic metabolites, given that MR studies have suggested that some metabolite 

alternations are consequences of, rather than causes of, insulin resistance and T2D [64, 53].

Microbiota manipulation including FMT, dietary interventions and probiotic administration 

in experimental and clinical studies has led to beneficial effects on glucose homeostasis. 

However, there are still several issues to consider before we can apply these approaches to 

clinical practice in T2D. First, most of the positive metabolic effects were transient. 

Repeated treatments would be needed to maintain the effect, and the long-term efficacy of 

these treatments still needs to be assessed. Second, there are potential risks of introducing 

pathogenic bacteria when using the FMT approach. Further research needs to be conducted 

to eliminate this risk. Third, it has been shown that responses to interventions are different 

among individuals due to different host microbial composition. Therefore, customized 

therapy based on personal microbiota profile may be an effective treatment approach for 

T2D in the future.
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Figure 1. 
Metabolites linking the gut microbiota and T2D. SCFAs regulate host glucose homeostasis 

in part by stimulating the secretion of PYY and GLP-1 through binding to the receptors on 

intestinal epithelial cells. Indole derivatives have beneficial effects on insulin sensitivity. Bile 

acids may promote GLP-1 secretion and improve insulin sensitivity. BCAA, TMAO and 

ImP impair host glucose metabolism. In addition, increased gut permeability facilitates 

endotoxemia, whereby LPS released by the death of gram-negative bacteria crosses the 

epithelial barrier and enters the circulation, inducing inflammation, which impairs insulin 

sensitivity. SCFA, short-chain fatty acid; PYY, peptide YY; GLP-1, glucagon-like peptide-1; 

BCAA, branched-chain amino acid; TMAO, trimethylamine-N-oxide; ImP, imidazole 

propionate; LPS, lipopolysaccharide.
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Table 1.

Microbiome-wide studies in T2D and prediabetes

Ref Sample size Method Selected key findings

Larsen et al. 2010 
[13]

36 men (18 T2D, 18 
controls)

qPCR & 16S 
rRNA seq

Reduced Firmicutes and Clostridia in T2D. Betaproteobacteria enriched in 
T2D. Bacteroidetes/Firmicutes ratio (and other ratios) correlated 
positively with glucose levels. Relative enrichment for gram-negative 
bacteria in T2D.

Qin et al. 2012 [17] 145 and 200 
Chinese (two stage)

Shotgun 
sequencing ~2.6 
Gb depth

Moderate dysbiosis in T2D. T2D enriched for opportunistic pathogens. 
Controls enriched for butyrate-producing bacteria (Clostridiales sp. SS3/4, 
Roseburia sp, F prausnitzii). Microbiota profile could classify T2D.

Karlsson et al. 
2013 [18]

145 European 
women, age 70

Shotgun 
sequencing ~3.1 
Gb depth

T2D enriched for four Lactobacillus sp. and depleted for five Clostridium 
sp. which correlated with glucose and insulin levels. Patterns of taxa 
distinguished T2D from controls better than BMI or existing diabetes risk 
scores.

Zhang et al. 2013 
[22]

121 Chinese (44 
normal, 64 PD, 13 
T2D)

16S rDNA seq Butyrate producing bacteria (e.g., A. muciniphilia, F. prausnitzii) more 
abundant in controls. Reduced abundance of Bacteroides and 
Verrucomicrobiae in prediabetes and T2D.

Sato et al. 2014 
[93]

50 Japanese T2D, 50 
controls

RT-qPCR In T2D, Clostridium coccoides group, Atopoium cluster, Prevotella 
decreased; Lactobacillus (L. reuteri, L. plantarum) increased. Gut bacteria 
detected in blood more often in T2D than in controls (28% vs 4%).

Forslund et al. 
2015 [19]

784 (includes some 
subjects from prior 
studies[17, 18]

Shotgun 
sequencing ~0.7 
Gb depth

Controlling for metformin treatment, found a unified signature of 
depletion of butyrate-producing taxa (e.g., Roseburia sp) in T2D and 
microbial mediation of therapeutic effects of metformin via SCFA 
production. Accuracy of gut microbial signature to predict T2D [17, 18] 
was confounded by metformin use.

Egshatyan et al. 
2016 [94]

24 PD, 20 T2D, 48 
controls

16S rRNA seq Blautia and Serratia genus enriched in T2D.

Candela et al. 2016 
[95]

40 T2D, 13 controls 16S rRNA seq In T2D, Enterobacteriaceae, Collinsella, Streptococcus, Lactobacillus 
increased; depletion of SCFA producers (e.g., Bacteroides, Prevotella).

Pedersen et al. 
2016 [21]

75 Danish T2D, 277 
controls

qPCR & 16s 
rDNA seq

Insulin-resistant individuals had higher levels of serum BCAAs, 
associated with enriched BCAA-producing bacteria (Prevotella copri and 
Bacteroides vulgatus) and reduced potential for BCAA transport into 
bacterial cells. Butyrate-producing bacteria including A. muciniphila, F. 
prausnitzii, Firmicutes sp. and Clostridia sp. were negatively correlated 
with insulin resistance.

de la Cuesta-
Zuluaga et al. 2017 
[96]

28 with diabetes, 84 
controls

16S rRNA seq Diabetes without metformin (n=14) had higher Clostridiaceae 02d06 and a 
distinct OTU of Prevotella and lower Enterococcus casseliflavus than 
controls. Those on metformin had a different profile.

Wang et al. 2017 
[97]

40 Chinese minority 
ethnic groups (20 
Uygurs and 20 
Kazaks)

16S rRNA seq In Kazaks, Veillonellaceae was highly enriched in T2D, while families 
Planococcaceae and Coriobacteriaceae were more enriched in normal 
subjects. In Uygurs, T2D subjects had decreased levels of 
Erysipelotrichaceae.

Org et al. 2017 [98] 352 PD, 164 
controls

16S rRNA seq Pre-diabetic subjects had higher abundances of Anaerostipes and lower 
abundances of OTU from families Ruminococcaceae and 
Christencenellacea and genus Methanobrevibacter.

Sedighi et al. 2017 
[99]

18 T2D, 18 controls RT-qPCR Lactobacillus was significantly more enriched in T2D; Bifidobacterium 
was more frequent in the healthy subjects.

Allin et al. 2018 
[100]

134 PD, 134 
controls

16S rRNA seq In prediabetes, Clostridium genus and A. muciniphilia were decreased and 
genera Dorea, Sutterella, and Streptococcus were increased. Several 
butyrate-producing bacteria decreased in prediabetes.

Salamon et al. 
2018 [101]

23 T2D, 23 controls 16S rRNA seq The ratio of Firmicutes/Bacteroidetes and phylum Verrucomicrobia 
increased in T2D. Lower relative percentages of SCFA-producing bacteria 
from genus Roseburia and genus Faecalibacterium were found in T2D.

Zhao et al. 2019 
[24]

65 T2D, 35 controls 16S rRNA seq In T2D, the abundance of Proteobacteria and the ratio of Firmicutes/
Bacteroidetes were higher; the SCFAs, bile acids and lipids were 
disordered; the abundance of SCFA-producing bacteria (Lachnospiraceae 
and Ruminococcaceae etc.) increased, while the fecal SCFAs 
concentrations were decreased.
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PD, prediabetes; OTU, operational taxonomic unit; seq, sequencing; T2D, type 2 diabetes
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