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Context: Type 2 diabetes mellitus is associated with gastrointestinal dysbiosis involving both com-
positional and functional changes in the gut microbiome. Changes in diet and supplementation
with probiotics and prebiotics (ie, fermentable fibers) can induce favorable changes in gut bacterial
species and improve glucose homeostasis.

Objective: This paper will review the data supporting several potential mechanisms whereby gut
dysbiosis contributes to metabolic dysfunction, including microbiota driven increases in systemic
lipopolysaccharide concentrations, changes in bile acid metabolism, alterations in short chain fatty
acid production, alterations in gut hormone secretion, and changes in circulating branched-chain
amino acids.

Methods: Data for this review were identified by searching English language references from
PubMed and relevant articles.

Conclusions: Understanding the mechanisms linking the gut microbiome to glucose metabolism,
and the relevant compositional and functional characteristics of the gut microbiome, will help
direct future research to develop more targeted approaches or novel compounds aimed at restor-
ing a more healthy gut microbiome as a new approach to prevent and treat type 2 diabetes mellitus
and related metabolic conditions. (J Clin Endocrinol Metab 101: 1445–1454, 2016)

The microbiome is an integral part of the human body
with the highest density of bacteria in the gut, ranging

from 1 � 104 cells/g in the jejunum to 1 � 1014 cells/g in
the colon (1). The number of genes in the gut microbiome
exceeds that of the human genome by 10- to 100-fold and
exert considerable influence on the host (2). Although the
composition of the gut microbiome varies between indi-
viduals, the underlying functional gene content is similar
between individuals, suggesting that the gut microbiome is
integral to maintaining aspects of host homeostasis (3).
Environmental exposures, such as diet, can induce
changes in microbial community composition, metabo-
lism, and functional gene transcription, thereby altering

exposure of the host to microbial metabolites and antigens
that may influence disease risk (4, 5).

The gut microbiome differs throughout the gastroin-
testinal (GI) tract (1, 6), and interactions with the host
likely vary along this continuum (2, 6–8) (Figure 1). Aer-
obic and facultative anaerobes dominate the small intes-
tine and rapidly metabolize simple carbohydrates (9),
whereas bacteria in the ileum have the ability to degrade
more complex fructooligosaccharides (10). In the colon,
there is enrichment for strict anaerobic bacteria that fer-
ment otherwise nondigestible dietary fiber (11) and de-
conjugate bile acids (12). Most studies in humans have
relied exclusively on stool samples to characterize the gut
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microbiome. Stool samples may miss microbial taxa and
metabolic pathways among less abundant microbiota of
the small intestine relevant to metabolic disorders. Sam-
pling at different sites along the GI tract is needed to obtain
a complete picture of the role of the gut microbiome and
metabolic disease.

Dysbiosis of the Gut Microbiome in Type 2
Diabetes

Type 2 diabetes (T2DM) is reaching epidemic propor-
tions around the globe (13). In the United States, the prev-
alence of diabetes (mostly T2DM) in 2012 was estimated
at 9.3% (29.1 million individuals), with another 27.5%
(86 million) estimated to be prediabetic (14). Develop-
ment of new strategies to prevent or reverse the underlying
pathophysiology of T2DM is critical if we hope to stem the
tide of this epidemic.

Recent evidence suggests that dysbiosis of the gut mi-
crobiome may play a role in the pathogenesis of T2DM
(15). Cross-sectional studies in humans demonstrate com-
positional and functional differences in the gut bacteria of
those with T2DM or prediabetes vs normal glucose tol-
erance (16–18). Fecal transplants from mice with glucose
intolerance into healthy germ-free mice induce glucose in-
tolerance (19), demonstrating a causal role at least in ro-
dents. In a human fecal microbiota transplant study, trans-
fer of fecal material from lean donors into individuals with
metabolic syndrome resulted in an increase in gut micro-
bial diversity and improved insulin sensitivity (20). These
data support the hypothesis that dysbiosis of the gut mi-
crobiome contributes to metabolic dysfunction. However,
there remains a knowledge deficit regarding which com-
positional and/or functional characteristics of the gut mi-

crobiota are relevant for metabolic
health, and through which mecha-
nisms they effect host glucose ho-
meostasis. Proposed mechanisms
include increased systemic lipopoly-
saccharide (LPS), changes in bile acid
metabolism, alterations in short
chain fatty acid (SCFA) production,
alterations in gut hormone secretion,
and changes in circulating branched-
chain amino acids (Figure 2).

Changes in community composi-
tion and microbial metabolism along
the digestive track may be particu-
larly relevant to metabolic diseases
(16, 21). Indeed, small intestinal bac-
terial overgrowth is highly prevalent
and may play an etiological role in

diabetes (22), nonalcoholic steatohepatitis (23), and obe-
sity (24). In small intestinal bacterial overgrowth, complex
carbohydrate and bile acid metabolism that is normally
reserved for the colon occurs in the upper GI tract leading
to early and increased absorption of SCFAs (25) and de-
conjugated bile acids (26). Small intestinal bacterial over-
growth also contributes to leaky tight junctions, bacterial
translocation, and endotoxemia (27).

Effect of Prebiotic, Probiotic, and
Synbiotic Supplementation on Glucose
Metabolism

Because the gut microbiome is altered rapidly with
changes in diet (28), strategies to increase the amount of
“beneficial” bacteria in the gut have included use of high-
fiber diets or addition of fermentable fibers such as fruc-
tooligosaccharides, which are inulin-type prebiotics that
favor the growth of the Bifidobacteria species. High-fiber
diets improve insulin sensitivity in healthy and over-
weight/obese men and women (29–31) and reduce fasting
glucose and hemoglobin A1c in patients with T2DM (32).
Data on prebiotic (33, 34) or probiotic (35) supplemen-
tation alone have been mixed. In contrast, supplementa-
tion with probiotic cultures combined with a prebiotic to
support growth of beneficial bacteria improved glucose
levels, insulin sensitivity, and systemic markers of inflam-
mation (36–40).

The “Leaky Gut” Hypothesis and
Endotoxemia

LPS or endotoxin is a bacterial cell wall component
found predominantly in gram-negative bacteria that stim-

Figure 1. Diagram detailing the changes in gut bacterial populations, density, and metabolic
activity along the gastrointestinal tract (122). The small intestine, which is the main site of
nutrient absorption, contains lower populations of bacteria that are mainly aerobic and
facultative anaerobes. Bile acids are predominantly reabsorbed in the ileum. The colon contains
mainly anaerobic bacteria in large numbers that are able to ferment undigested fiber and
metabolize remaining bile acids.
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ulates an inflammatory response via activation of toll-like
receptor-4 and transforming growth factor-� (TGF-�)-
mediated pathways (41, 42). Earlier studies focused on the
inflammatory response induced by high concentrations of
endotoxin such as those seen in septicemia, but in recent
years the focus has shifted to effects of subsepticemic levels
(�2 pg/ml) associated with chronic disease. In mice,
chronic infusion of LPS mimicked the effects of the high-
fat diet on metabolic and inflammatory parameters (43).

In human cross-sectional observational studies, higher
systemic LPS or higher LPS binding protein were associ-
ated with low-grade, chronic inflammation in obesity (43–
46), metabolic syndrome (46) and T2DM (44, 46, 47).
Several possible pathways through which the gut micro-
biome may impact circulating LPS levels are detailed in the
following paragraphs (5).

First, changes in the relative amounts or the types of
gram-negative vs gram-positive bacteria in the intestinal
lumen may influence LPS bioavailability. Dysbiosis in di-
abetes is characterized by a decrease in many gram-posi-
tive butyrate producing Clostridial species that lack LPS
and an expansion of many gram-negative opportunistic
pathogens including some Bacteroidetes and Proteobac-
teria species that contain LPS (17). In mice fed a high-fat
diet, supplementation with fermentable fiber was associ-
ated with an increase in Bifidobacteria and normalization
of circulating LPS along with improved glucose tolerance,

insulin secretion, and inflammation
(43). Both increases in systemic LPS
and shifts in LPS subtypes are likely
to play a role in the inflammatory
process fueled by endotoxemia (48).
LPS is composed of a highly variable
outer region (O-segment) and a rel-
atively conserved inner region (lipid
A). Small changes in the lipid A struc-
ture such as differential phosphory-
lation have been shown to result in
dramatic changes in binding affinity
to toll-like receptor-4 and down-
stream host responses (48).

Second, increased intestinal per-
meability (“leaky gut”) may allow
for LPS to translocate through inter-
cellular pathways. The gut micro-
biome regulates gut permeability by
maintaining the health of the intes-
tinal cells, their tight junctions, and a
protective mucous layer, which may
be due in part by providing nutrients,
such as SCFAs, to the epithelial cells
(49). Probiotics (Streptococcus ther-
mophilus and Lactobacillus acido-

philus) prevented increases in permeability in human in-
testinal epithelial cells induced by tumor necrosis factor �

or gamma interferon in vitro, demonstrating the impor-
tant role of certain bacteria in maintaining a healthy in-
testinal barrier (50). In mouse models, high-fat feeding
leads to dramatic changes in the gut microbiota, glucose
intolerance, insulin resistance, increased plasma LPS, in-
testinal permeability, inflammation, and oxidative stress,
all of which could be partially or completely blocked with
antibiotics or by genetically knocking out the LPS recep-
tor. Obese leptin (ob/ob) and leptin-receptor (db/db) de-
ficient mice demonstrate increased intestinal permeability
and higher portal LPS levels and circulating inflammatory
markers compared to lean, wild-type control mice (51).
Analysis of the tight junctions in the small intestine in these
animals showed both redistribution and decreases in tight
junction proteins (51). These animal data support the con-
cept that dysbiosis of the gut microbiome can increase gut
permeability leading to increased LPS entry into the sys-
temic circulation with subsequent inflammation and met-
abolic dysfunction.

There are fewer studies in humans examining the role
of gut permeability in circulating LPS concentrations. In
human cross-sectional studies, gut permeability is in-
creased in subjects with T2DM (47, 52–54) and obese vs
normal weight individuals (55). An intervention study in

Figure 2. Schematic of potential mechanisms linking the gut microbial community with glucose
metabolism. Potential mechanisms include 1) systemic absorption of LPS, either through “leaky”
tight junctions or via chylomicron uptake, with subsequent inflammation; 2) bacterial production
of SCFAs with signaling effects to stimulate secretion of gut hormones GLP-1 and GLP-2 and PYY
as well as nutrient effects; 3) bacterial synthesis and absorption of branched chain amino acids
(AAs) that may result in insulin resistance; 4) bacterial metabolism of bile acids with local and
organ-specific signaling effects, including stimulation of fibroblast growth factor-19 (FGF-19) and
GLP-1. FGF-19 has metabolic effects on the FXR in the pancreatic �-cell and in the liver.
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healthy young volunteers fed inulin-enriched pasta
showed decreased gut permeability (56), but lacked data
on changes in the gut microbiome, glucose metabolism, or
inflammatory markers. In a separate study, 4 weeks of a
probiotic yogurt in elderly patients with and without small
bowel bacterial overgrowth decreased LPS markers and
soluble CD14 but had no impact on measures of intestinal
permeability (57). Although the data in animal models are
convincing, more data are needed in humans.

Third, LPS can be taken up by gut epithelial cells and
incorporated into chylomicrons in the small intestine after
a high-fat meal. LPS contains a lipid moiety and can be
taken up by enterocytes (58) and transported to the Golgi
apparatus (59), where chylomicrons are also formed (60).
In mice, the rise in plasma LPS after long-chain dietary
fatty acid intake was almost entirely accounted for by LPS
associated with the chylomicron remnant fraction. Fur-
thermore, the mechanism of absorption appeared depen-
dent on chylomicron formation as the rise in LPS after an
oral fat load was blocked by an inhibitor of chylomicron
formation (61). Circulating LPS levels increase after a
high-fat meal in healthy men (62) and are higher in obese
subjects with postprandial hypertriglyceridemia (63). In
the latter study, postprandial chylomicron LPS levels cor-
related with the rise in plasma triglycerides, but not with
insulin resistance (63). Chylomicrons increase the rate of
clearance of LPS by hepatocytes, decrease LPS-mediated
inflammation, and reduce mortality in rat models of sepsis
(64). LPS binding protein associates with chylomicrons
and enhances the amount of LPS binding to chylomicrons,
thereby allowing clearance of bacterial toxins and pre-
venting cell activation (65). In these experimental settings,
chylomicrons appear to serve a protective role. However,
they may also facilitate absorption of low levels of LPS into
the body, especially in response to diets high in fat, and
thus contribute to a low-grade chronic inflammatory
state.

Bile Acid Metabolism by Gut Bacteria and
Effects of Bile Acid Metabolites on
Glucose Homeostasis

The gut microbiome plays a major role in bile acid me-
tabolism (4, 66). Primary bile acids produced in the liver
are conjugated with either glycine or taurine to form bile
salts before active secretion into the small intestine. Upon
reaching the ileum, 95% of bile salts undergo enterohe-
patic circulation and are transported back to the liver.
Roughly 400–600 mg of bile salts enter the large intestine,
where they undergo bacterial transformation to secondary

bile acids, primarily deoxycholic acid and lithodeoxy-
cholic acid, by a variety of anaerobic bacteria (67–69).

Several lines of evidence suggest that bile acids are in-
volved in the regulation of glucose homeostasis. First,
treatment with bile acid sequestrants improves both insu-
lin sensitivity and glycemic control (70). Second, treat-
ment with a synthetic bile acid (tauro-ursodeoxycholic
acid) improved hepatic and muscle insulin sensitivity by
approximately 30% compared to placebo (71). Third,
taurine-conjugated deoxycholic acid and chenodeoxy-
cholic acid were associated with insulin resistance among
nondiabetic individuals, and were also significantly higher
in patients with T2DM than those without diabetes (72,
73).

The exact mechanism through which bile acids affect
glucose homeostasis remains incompletely understood,
but may be mediated through activation of the nuclear
farnesoid X receptor (FXR), which is expressed in the il-
eum, liver, and pancreas, and the membrane-bound G-
protein coupled receptor, TGR5 (70). Some bile acids are
agonists for FXR, whereas others are known or suspected
FXR antagonists (72–74). Established FXR agonists in-
clude (in the order of ligand activity) CDCA, lithocholic
acid, deoxycholic acid, and cholic acid (66). The antidia-
betic effects of vertical sleeve gastrectomy, a type of bari-
atric surgery, were shown to be dependent on signaling
through FXR (75). Similarly, treatment with an intestinal
FXR agonist improved insulin sensitivity (76). In the il-
eum, activation of FXR leads to the production of fibro-
blast growth factor-19, a hormone that affects glucose
tolerance through mechanisms that are largely indepen-
dent of insulin (77, 78). Also in the ileum, activation of
TGR5 leads to production of glucagon-like peptide-1
(GLP-1), which has beneficial impacts in both energy and
glucose homeostasis (79). In the pancreas, activation of
FXR plays a role in insulin transport and secretion (80),
andmayprotect islets against lipotoxicity (81). In the liver,
FXR activation likely improves insulin sensitivity, as il-
lustrated by improved insulin sensitivity in patients with
T2DM and nonalcoholic fatty liver disease (82) in re-
sponse to treatment with obeticholic acid, a first-in-class
FXR agonist. Taken together, bile acids could have major
impacts on all determinants of glucose homeostasis.

The gut microbial composition can alter the amount
and type of secondary bile acids formed with the potential
for differential metabolic effects via FXR and TGR5 sig-
naling. For example, the bacterial enzymes and genes in-
volved in the deconjugation (bile salt hydrolase), dehy-
droxylation (7-alpha dehydroxylase), and epimerization
(7-�-hydroxysteroid dehydrogenase) of bile acids are dis-
tributed across many genera, with reduced abundance of
gut microbial bsh genes observed in individuals with
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T2DM compared to healthy controls (83). Additionally,
alteration of the gut microbiome by oral administration of
vancomycin to humans with the metabolic syndrome de-
creased secondary bile acids and worsened insulin sensi-
tivity. In that study, decreases in secondary bile acids cor-
related with decreases in insulin sensitivity (84).

Systemic bile acid concentrations follow a diurnal pat-
tern with levels of conjugated bile acids increasing follow-
ing food intake (85). Considering that, it may be a major
limitation that all existing studies have focused on fasting
bile acid concentrations only. An additional limitation to
the existing literature is that many investigations have
measured only total bile acids or have not differentiated
between taurine- and glycine-conjugated bile acids. Thus,
studies that are longitudinal, measure bile acid concentra-
tions with a good, comprehensive assay, and ideally in-
clude diurnal or at least postprandial samples, are needed.

Role of Short Chain Fatty Acids (SCFAs)

The bacteria in the colon ferment nondigestible carbo-
hydrates into SCFAs, with acetate, butyrate, and propi-
onate predominating. There is an interplay between
dietary fiber content, microbiota, and SCFAs as oligosac-
charide-containing diets alter the microbial composition,
increase SCFA production and lower the luminal pH (86,
87). In addition, SCFAs are also produced during amino
acid catabolism by gut bacteria. Protein fermentation ac-
counts for 17–38% of the SCFA produced in the cecum
and sigmoid/rectum (88). The SCFA products vary de-
pending upon the amino acid substrate and the species of
gut bacteria (89, 90). For example, branched-chain fatty
acids isobutyrate, 2-methylbutyrate, and isovalerate are
produced from branched-chain amino acids; propionate
and butyrate are produced from threonine; and acetate
and butyrate are produced from glutamate, histidine,
lysine, arginine, and alanine. Although isobutyrate,
2-methylbutyrate, and isovalerate have not been associ-
ated with host health outcomes, acetate, propionate, and
butyrate areusedas energy substratesby thehost.Butyrate
serves as an important energy source for colonocytes
whereas acetate and propionate are primarily absorbed
and extracted by the liver where they are used as substrates
for lipogenesis and gluconeogenesis (91).

In addition to supplying additional nutrients, SCFAs
function as signaling molecules by activating AMP kinase
and free fatty acid receptors 2 and 3 (FFAR2 and 3) also
known as G-protein coupled receptors 43 and 41 (92).
SCFAs stimulate fatty acid oxidation and inhibit de novo
lipogenesis and lipolysis (91) and therefore may protect
against the development of nonalcoholic fatty liver dis-

ease. Butyrate has received increased focus as a potential
beneficial intermediary. Butyrate producing bacteria are
less abundant in subjects with T2DM (17, 18) and bu-
tyrate supplementation in rodents improves insulin sensi-
tivity (93, 94). Unfortunately, because of absorption and
rapid uptake by the liver and/or local metabolism of SC-
FAs, measurement of SCFAs in stool or peripheral blood
provides little information (91). Some insights into the
influence of butyrate on diabetes may be gained by ana-
lyzing the microbiome for functional genes (metagenom-
ics) with specific focus on metabolic pathways associated
with SCFA production (95, 96).

The Microbiome and Gut Hormone
Secretion

SCFAs have also been implicated in the regulation of
secretion of several gut hormones, including GLP-1 and
the anorectic hormone peptide YY (PYY), that regulate
energy homeostasis and glucose metabolism (reviewed in
Hullar and Lampe (5)). GLP-1 arises from tissue-specific
posttranslational processing of proglucagon in response
to nutrient intake. GLP-1 augments glucose-mediated in-
sulin secretion from the pancreatic �-cell and both PYY
and GLP-1 act in the hypothalamus to decrease food in-
take (97). GLP-1 and PYY are both made and secreted
from intestinal L cells, which are concentrated in the ter-
minal ileum and colon where fermentation of resistant
starches occurs. The L cells contain the SCFA receptors
FFAR2 and FFAR3 and respond to SCFAs with an in-
crease in intra-cellular calcium (98). Based on in vitro and
in vivo experiments in knockout models, FFAR2 but not
FFAR3 appears to be important in GLP-1 secretion in
response to SCFAs (98). Additional research suggests that
GLP-1 secretion can also be modulated by indole, a bac-
terial metabolite of tryptophan, (99) and by bile acids via
TGR5 (100).

In vitro studies using cultured human colonic cells dem-
onstrated significant increases in PYY and GLP-1 in re-
sponse to propionate (101). The same investigators also
used a novel propionate-inulin ester to deliver the SCFA
directly to the colon. They found that the propionate-in-
ulin ester acutely increased postprandial PYY and GLP-1
concentrations. If given over 24 weeks, the supplement
prevented weight gain and increases in intra-abdominal
fat (101). In a rodent model, the prebiotic oligofructose
decreased glucose levels during an oral glucose tolerance
test and increased both GLP-1 and PYY concentrations
(102). Studies in humans on the effect of prebiotics on
GLP-1 secretion have been mixed, with a meta-analysis
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showing conflicting studies with no overall significant
changes in GLP-1 or PYY concentrations (103).

Studies using probiotics to modulate the intestinal mi-
crobiome have also shown effects on GLP-1 secretion.
Mice fed the probiotic VSL#3 (�-Tau Pharmaceuticals),
which contains 8 different strains of “beneficial” bacteria,
for 8 weeks demonstrated increased GLP-1 concentra-
tions, reduced food intake, decreased weight gain, and
improved glucose tolerance (104). These effects were as-
sociated with increased fecal butyrate levels and changes
in the abundance of bacterial species, including a decrease
in Firmicutes and an increase in Bacteroidetes and Bifido-
bacteria (104). In a human study in obese children with
nonalcoholic steatohepatitis, treatment with VSL#3 re-
sulted in decreased liver fat and increased fasting GLP-1
levels (105). In a separate prospective, double-blind, ran-
domized trial in healthy, glucose-tolerant adults, daily
supplementation with Lactobacillus reuteri for 4 weeks
increased GLP-1, insulin, and c-peptide in response to an
oral glucose load, but did not alter insulin sensitivity
(106). However, treatment with oral vancomycin in hu-
mans with metabolic syndrome did not change GLP-1 lev-
els despite significant changes in fecal microbial species
and decreased insulin sensitivity (84). Taken together,
these data support the concept that the composition of the
gut microbiome affects the regulation of GLP-1 secretion
and thereby may impact glucose metabolism, but need
further confirmation.

GLP-2 is another gut hormone resulting from post-
translational processing of proglucagon in the intestinal L
cells. GLP-2 displays intestinotrophic protective proper-
ties and a recently approved GLP-2 analog, teduglutide, is
indicated for treatment of patients with short bowel syn-
drome. GLP-2 receptor expression is mainly confined to
the intestinal tract, but has also been reported in the cen-
tral nervous system, mesenteric fat, lymph nodes, pan-
creas, liver, bladder, and spleen (107).

There is evidence in both animals and humans that
GLP-2 secretion is impacted by the gut microbiota. In a
high-fat diet mouse model that results in endotoxemia,
inflammation, and glucose intolerance, treatment with the
prebiotic oligofructose increased GLP-2 production and
Bifidobacterium numbers, decreased intestinal permeabil-
ity, improved tight junction integrity, lowered plasma LPS
and cytokines, and reduced hepatic inflammation and ox-
idative stress. Most of the beneficial effects of the prebiotic
were abolished with treatment with a GLP-2 antagonist,
and treatment with pharmacologic doses of GLP-2 mim-
icked the effects of treatment with the prebiotic (108). A
separate study found that treatment of diet-induced obese
rats with the probiotic Bifidobacterium animalis but not
the prebiotic oligofructose increased portal GLP-2 con-

centrations; however, there were no significant changes in
intestinalpermeabilityor circulatingLPSandcytokine lev-
els (109).

In one human cross-sectional study of 24 obese adults,
GLP-2 secretion in response to a meal test was inversely
related to insulin sensitivity (110), but there was no eval-
uation of the gut microbiome. In an interventional study
in glucose tolerant adults, 4 weeks ingestion of Lactoba-
cillus reuteri increased both GLP-1 and GLP-2 secretion in
response to an oral glucose load compared to placebo.
Insulin secretion was also increased, although there was
no change in insulin sensitivity, glucose tolerance, liver fat,
or cytokines (106). In a separate study, healthy young
volunteers were fed pasta enriched with the prebiotic in-
ulin for five weeks in a crossover study design. Fasting
GLP-2 levels were increased in response to the inulin, al-
though there was no significant change in GLP-2 secretion
in response to a standardized meal. Measures of intestinal
permeability decreased in the inulin treatment group sug-
gesting improved intestinal barrier function potentially
modulated by increased GLP-2 levels (56). Although the
data are limited, they suggest that GLP-2 secretion can be
altered by supplementation with probiotics or prebiotics
and may be an important factor in maintaining a healthy
and intact gut epithelial lining.

Microbial Synthesis of Amino Acids

Circulating amino acids contribute to glucose homeo-
stasis with amino acids stimulating both insulin and glu-
cagon secretion. Branched-chain amino acids appear to
play a particular role in glucose homeostasis and may con-
tribute to diabetes risk. In a prospective, nested case-con-
trol study, plasma concentrations of five branched-chain
and aromatic amino acids (isoleucine, leucine, valine, ty-
rosine, and phenylalanine) were identified as predictors of
the development of diabetes, independent of traditional
risk factors (111). Similar findings were observed in the
Metabolic Syndrome in Men study in which alanine, leu-
cine, isoleucine, tyrosine, and glutamine predicted inci-
dent T2DM, an association that was largely mediated by
insulin resistance (112). In a pediatric population, ele-
vated branched-chain amino acids were associated with
obesity and were predictive of the development of insulin
resistance (113). Additionally, an acute infusion of a mix-
ture of amino acids that included three branched-chain
amino acids into healthy humans decreased insulin sensi-
tivity at the level of both liver and muscle (114). Depri-
vation of dietary branched-chain amino acids in animal
models improves insulin sensitivity (115, 116), lending
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additional support to the hypothesis that branched-chain
amino acids contribute to insulin resistance.

The human microbial community contributes to the
synthesis of amino acids and circulating amino acid levels
(117). Bacteria may provide a source of branched-chain
amino acids since their proportions are higher in bacterial
cells than eukaryotic cells. Bacteria can synthesize de novo
all of the 20 amino acids required for protein synthesis.
There are several lines of evidence that suggest the gut
bacteria contribute to and influence both the composition
and levels of amino acids absorbed into the body. Early
studies in germ-free rats showed an altered distribution of
amino acids along the gut compared to conventionalized
rats (118). Use of 15NH4Cl tracers demonstrated that bac-
terial de novo biosynthesis is a significant source of host
amino acids in pigs (119) and humans (120). Additionally,
recent metagenomic analysis showed that genes associated
with amino acid biosynthesis were enriched in the human
distal gut (121).

Concluding Remarks

Although limited, the existing data strongly suggest
that the gut microbiota affect glucose homeostasis. Pos-
sible mechanisms linking the gut microbiota to glucose
homeostasis may include increased intestinal permeabil-
ity, low-grade endotoxemia, changes in the production of
SCFAs or branched-chain amino acids, alterations in bile
acid metabolism, and/or effects on the secretion of gut
hormones. A better understanding of the mechanisms
linking the gut microbiome to glucose metabolism, and the
relevant compositional and functional characteristics of
the gut microbiome, will help direct future research to
develop more targeted dietary approaches, probiotic
and/or prebiotic supplements, or novel compounds aimed
at restoring a more healthy gut microbiome as a new ap-
proach to prevent and treat T2DM.
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