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1. Introduction
MICROBIOTA ESTABLISHMENT 

MICROBIOTA COMPOSITION

The rapid increase of cases of type 2 diabetes mellitus (T2DM) in the past decades has made it a 

widespread metabolic disorder.  In addition to well-established risk factors for T2DM, 

including genetic predisposition, poor physical activity, fetal programming and obesity, an 

altered configuration of the microbial community in our gut – the microbiota – has emerged as 

a new candidate that may be linked to T2DM. The aim of this review is to focus the light on the 

role of gut microbiota as a novel key organ involved in metabolism, and discussing the putative 

mechanisms linking gut microbiota and T2DM, as well as the therapeutic perspective of 

intestinal microbiota modulation for T2DM.

Microorganisms which colonize all surfaces of the human 

body that are exposed to the environment (that live on and inside 

humans) are collectively called the human microbiota (1). The 

human microbiota consists of as many as 10 to 100 trillion 

microorganisms, representing at least 10-fold more cells than 

exist in the human body. The main mass of microorganisms 

associated with humans resides in the gastrointestinal tract. The 

weight of the bacteria living in a human intestine is about 1.5 kg 

and make up about 50% of the fecal matter (2). Apart from the 

intestinal microbiota, also the skin, oral, nasal and vaginal 

microbiota had been studied extensively. The human microbiota 

is not restricted to these sites but do also reside in for example 

the lungs, the blood and atherosclerotic plaques (3). 

In adults, Bacteroidetes (eg, Bacteroides, Prevotella) and 

Firmicutes (eg, Clostridium, Enterococcus, Lactobacillus, 

Ruminococcus) usually dominate the intestinal microbiota, 

whereas Actinobacteria (eg, Bifidobacterium), Proteobacteria 

(eg, Helicobacter, Escherichia) and Verrucomicrobia are in 

considerably minor proportion.  Methanogenic archaea 

(represented by Methanobrevibacter smithii), eukaryotes (mainly 

yeast) and viruses (mainly bacteriophages) are also components 

of this microbiota (4). 

The microbial colonization of the gut begins in infants 

immediately after birth. Facultative anaerobes, such as 

enterobacteria, enterococci and lactobacilli are the first colonizers. 

Anaerobic microorganisms, including Bifidobacterium, 

Bacteroides and Clostridium establish gradually, and contribute to 

a progressive decrease of the facultative anaerobes to strict 

anaerobes ratio in time (5). At about 3 years of age, the gut 

microbiota reaches a composition and diversity similar to adults 

and remains more or less stable over time in adulthood. New 

changes appear in the senescence, the microbiota of elderly people 

differing from the core microbiota and diversity levels of younger 

adults (6).

FACTORS AFFECTING MICROBIOTA

Changes are produced in our microbiota from birth to 

adulthood. The composition and function of the gut microbiota are 

influenced by several factors. The mode of delivery (vaginal versus 

Caesarian section) as well as the method of feeding (breast versus 

formula feeding) are influencing the gut microbiota.  Both host 

genotype and lifestyle factors such as diet, physical activity, 

antibiotics, age and probably several additional but yet 

unidentified factors may simultaneously influence the gut 

microbiota (7).

GUT MICROBIOTA AND METABOLISM

The gut microbiota has gone from being considered an 

accompanying commensal to a «metabolic organ» (8), with 

functions in nutrition, immunity regulation, and systemic 

inflammation.  The microbiota regulates, via different 

mechanisms, some important physiological functions of the host, 

such as those related to energy expenditure, satiety and glucose 

homeostasis. It can also act as a barrier against the establishment 

of food borne pathogens (9). Growing evidence in clinical studies 
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suggested that obese people with insulin resistance were 

characterized by an altered composition of gut microbiota, 

particularly an elevated Firmicutes/Bacteroidetes ratio 

compared with healthy people (10).  Furthermore, 

transplantation of the obese gut microbiota in animals greatly 

affected the energy harvest of hosts (11). 

THE ROLE OF GUT MICROBIOTA IN THE PATHOGENESIS 

OF T2DM

(I) Storage hypothesis

Gut microbiota is involved in several intestinal biological 

functions such as defense against pathogens, immunity, the 

development of the intestinal microvilli and the degradation of 

non digestible polysaccharides (fermentation of resistant starch, 

oligosaccharides, inulin). Hence, the gut microbiota harvests 

energy for the host from dietary compounds ingested but not 

digested by the host (12). It was found that gut microbiota 

conventionalisation results in a doubling of the density of 

capillaries in the small intestinal villus epithelium, thereby 

helping to promote intestinal monosaccharide absorption (13).

Backhed, et al. found that the mice raised in the absence of 

microorganisms (germ free) had about 40% less total body fat 

than mice with a normal gut microbiota. The mechanisms of the 

apparent weight gain implied an increase in the intestinal 

glucose absorption, energy extraction from non-digestible food 

component and concomitant higher glycemia and insulinemia, 

two key metabolic factors regulating lipogenesis (14). Moreover, 

glucose and insulin are also known to promote hepatic de novo 

lipogenesis through the expression of several key enzymes such 

as aceyl-CoA carboxylase (ACC) and fatty acid synthase (FAS) 

(15). 

Interestingly, a role for adipocyte lipoprotein lipase (LPL) 

activity was proposed. Consistent with this hypothesis, it was 

suggested that gut microbiota promote fat storage through a 

mechanism linking circulating triglycerides with suppression of 

the intestinal expression of an LPL inhibitor (FIAF, fasting-

induced adipose factor). FIAF inhibits LPL activity, thereby 

reducing fatty acid release from circulating triacylglycerols. 

Hence, upon gut colonisation with microbiota, FIAF expression 

is reduced, leading to higher LPL activity and greater fat storage 

(14).

Also, microbiota impacts muscle metabolism and 

consequently influences the regulation of insulin resistance. 

AMP-activated kinase is an enzyme expressed in the muscle that 

activates glucose utilization during hypoxia and exercise (16). It 

was found that germ-free mice are characterized by a very high 

concentration of AMP-activated kinase and its downstream 

targets that are involved in fatty acid oxidation in skeletal muscle 

favoring muscle glucose utilization and allowing the mice to 

resist high-fat, sugar-rich diet induced diabetes. More precisely, 

the gut microbiota was found to suppress AMPK-driven fatty 

acid oxidation in the liver and in skeletal muscle (17).

Moreover, a pathway involving short chain fatty acids (SCFAs) 

has been proposed. SCFAs act as signaling molecules and are 

specific ligands for at least two G protein-coupled receptors, 

GPR41 and GPR43 (18). Samuel et al. have demonstrated that G-

protein coupled receptor 41 (GPR41) knockout mice colonised 

with a specific fermentative microbial community resist fat mass 

gain compared to their wild-type littermates (19). Therefore, this 

supports the idea that specific metabolites coming from the gut 

(i.e., SCFAs) act in a variety of ways (e.g., as energy substrates and 

as metabolic regulators) (20).

(II) The inflammatory hypothesis

Metabolic diseases are linked to disruption of both the innate 

and the adaptive immune systems. One of the mechanisms 

proposed to explain the crosstalk between gut microbiota, 

regulation of fat storage and development of obesity-related 

diseases is metabolic endotoxemia (i.e., increased plasma 

lipopolysaccharides levels) (21). Bacterial lipopolysaccharides 

(LPS) are a component of the cell wall of gram-negative bacteria 

capable of triggering an inflammatory state, augment adipose 

inflammation and reduce insulin sensitivity, which are present in 

metabolic disorders (22). 

It was suggested that diet may play an important role in gut 

permeability since LPS absorption from the gut was found to be 

associated with the ingestion of dietary fat (23). A study had raised 

the possibility that LPS could be associated with chylomicrons 

within the enterocyte, being LPS then secreted from cell-

associated pools in a chylomicron-dependent manner (24). 

Another possibility is that dietary fat leads to paracellular leakage 

of LPS across the intestinal epithelium. This is supported by the 

observation that intestinal tight-junction integrity is impaired in 

obese mice and by studies in which intestinal luminal exposure to 

oleic acid can cause intestinal epithelial damage (25).

Gut microbiota may have a critical function in the regulation of 

gut permeability, contributing to endotoxemia, through the 

endocannabinoid system (eCB) and LPS regulatory loop (26). On 

the other hand, LPS regulates the synthesis of eCB in macrophages 

(27).  Moreover, intestinal alkaline phosphatase (IAP) is known to 

be involved in the breakdown of dietary lipids, it also plays an 

important role in LPS detoxification by dephosphorylating the 

lipid portion of the LPS, thus acting as a host defense factor against 

LPS. IAP expression is not only modulated by dietary components, 

including fat, but also controlled by gut microbiota (28). 

Interestingly, Everard and colleagues had defined the protective 

role of the bacterium Akkermansia (A.) muciniphila against the 

development of metabolic diseases (29). The normalization of A. 

muciniphila abundance through prebiotic administration is 

correlated with an improved metabolic profile, reduced fat-mass, 

metabolic endotoxemia, adipose tissue inflammation and insulin 

resistance (30).

These results indicate the involvement of the gut microbiota in 

the inception of gut barrier alterations and thus increased 

intestinal permeability and increased absorption of LPS, a state of 

metabolic endotoxemia is initiated, characterized by elevated 

serum LPS concentration, leading to increased activation of 

inflammatory pathways and impairment of the insulin signaling 

(31).
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Toll-like receptors (TLRs) play an important role in the 

activation of innate immune responses in mammals by 

recognizing conserved pathogen-associated molecular patterns 

(32). TLR4 is a subclass of TLRs that can be activated by LPS and 

by nonbacterial agonists, such as saturated fatty acids (18). The 

activation of TLR4 signaling induces up-regulation of 

inflammatory pathways related to the induction of insulin 

resistance (33). Activation of TLR4 by LPS in pre-adipocytes 

increases the expression of several cytokines, mainly TNF-α and 

IL-6, impairing the insulin signaling in adipocytes. Moreover, LPS 

can promote the expression of inducible nitric oxide synthase 

(iNOS), which is also known as capable of interfering with the 

insulin signaling (34). Likewise, TLR2 has been shown as an 

important modulator of insulin resistance. It was reported that 

short-term inhibition of TLR2 expression using TLR2 

oligonucletide antisense in diet-induced obese mice leads to 

increased insulin sensitivity and signaling (35). Thus it was 

suggested that a signalling cascade initiated by an LPS/TLR-

4/CD14-dependent mechanism in turn activates TLR-2 

expression to support innate immune system inflammatory 

responses (36).

THERAPEUTIC PERSPECTIVE OF GUT MICROBIOTA 

MODULATION FOR TYPE 2 DIABETES MELLITUS

Understanding the metabolic impact of the complex 

interaction between gut microbiota and the host has driven 

interest in manipulating microbiota in order to develop new 

therapeutic targets for the metabolic diseases (40).

Diet and Physical activity

Weight loss promoted by calories restricted diet and 

increased physical activity is associated with significant changes 

in the composition of gut microflora (30). Recent studies in 

humans and rodents have demonstrated a remarkable ability of 

the metabolic capacity of the gut microbiota to be altered by 

long-term dietary patterns, indicating that the potential benefits 

of dietary intervention on host metabolism might very well be 

significant (41). Moreover, evidence for the existence of a 

modulating effect of physical activity on the gut microbiota is 

accumulating, although mainly from rodent models. Physical 

activity has been shown to affect gut microbiota composition 

and diversity in healthy rats (42), with some results indicating 

that the demonstrated effects are independent of diet (43).

Like TLRs, nucleotide oligomerization domain (NOD)-1 and -

2 proteins are intracellular pattern recognition receptors that 

sense bacterial cell wall peptidoglycan (PGN) moieties, which 

induce stress and inflammation pathways (37). Several studies 

have associated NOD1- and NOD2-activating bacterial motifs 

with insulin resistance (38). On the other hand, SCFAs were 

shown to affect pancreatic beta-cell function (promoting  -cell 

development, proliferation, and differentiation) or by indirectly 

increasing glucagon-like peptide-1 (GLP-1) secretion from 

enteroendocrine L-cells. Furthermore, SCFAs reduce the release 

of proinflammatory cytokines by adipose tissue and weaken 

leukocyte activation. These anti-inflammatory effects improve 

insulin resistance, tissue glucose uptake, and blood glucose 

levels (39).

Metabolic Endotoxemia and Insulin Resistance

Manipulating the Gut Microbiota by Probiotics

 Antibiotics

Antibiotic treatment is another method of gut microbiota 

modulation. Mouse studies have shown improved glucose 

tolerance that was independent of weight changes, and also lower 

levels of circulating LPS and a lower bacterial count following 

antibiotic treatment, with an improved metabolic state (44). 

However, the administration of antimicrobial agents, including 

broad spectrum antibiotics, has been proposed as a possible 

contributor to the obesity epidemic and the shrinking gut 

microbiome richness in the western world (45), it was shown that 

even prenatal exposure to antibiotics increases the risk of 

childhood obesity, perhaps through an effect on the maternal gut 

microbiota (46). On the other hand, treatment with vancomycin 

has been shown to reduce peripheral insulin sensitivity in 

individuals with metabolic syndrome, whereas treatment with 

amoxicillin does not, reflecting the preferential targeting of Gram 

positive butyrate-producing bacteria by the former (47). Although 

some studies indicate that antibiotics have not only short- but also 

long-term effects (48) on the diversity and/or configuration of the 

gut microbiota, further studies should be performed to investigate 

the effects of different antibiotics and administration routes on 

metabolism and T2DM (49).

Bariatric surgery

It was suggest that the more long-term health benefits of 

bariatric surgery may in part be due to alterations in the gut 

microbiota (50). Some studies conducted on subjects submitted to 

surgical Roux-en-Y gastric by-pass (RYGB) reported a profound 

change of gut microbiota composition, related to the surgically 

reverted anatomy of alimentary tube (30). The direct transit of 

carbohydrates to the small intestine, without the prior exposure to 

gastric acids, promotes the growth of Proteobacteria and 

Enterobacteria fermenting complex carbohydrates (51). The 

increased production of  metabolites deriving from 

oligosaccharides fermentation is well known to contribute to 

increased GLP-1 and peptide YY production, which contribute to 

reduce appetite and to improve beta-pancreatic cell function and 

insulin secretion (12).

Probiotics are defined as 'live microorganisms that, when 

administered in adequate amounts, confer a health benefits on the 

host' (52). Probiotics are live microorganisms administered in 

attempt to reconstitute the gut microbiota,  namely 

Bifidobacterium, Lactobacillus, Saccharomyces, Streptococcus, 

and Enterococcus (53).

Several studies have demonstrated that probiotic strains, in 

particular those of the Lactobacillus and Bifidobacterium genera, 

exert multiple beneficial effects in subjects affected by metabolic 

syndrome. Indeed, they seem to promote weight loss and the 

reduction of visceral adiposity, to improve glucose tolerance, and 

to modulate intestinal low grade inflammation (30). Molecular 

mechanisms involving the anti-diabetic effects of probiotics are 

not fully elucidated, but may be related to reduction of oxidative 

stress, immunomodulation, attenuation of inflammation and 

modification of the intestinal microbiota (54). 
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Manipulating the Gut Microbiota by Prebiotics

Prebiotics are defined as 'the selective stimulation of growth 
and/or activity(ies) of one or a limited number of microbial 
genus(era)/species in the gut microbiota that confer(s) health 
benefits to the host' (55). The prebiotic approach dictates that 
non-viable food components are specifically fermented in the 
colon by indigenous bacteria thought to be of positive value, e.g., 
bifidobacteria, lactobacilli. Any food ingredient that enters the 
large intestine is a candidate prebiotic (56). Prebiotics 
contribute to modify gut microbial composition, enhancing the 
growth of Bifidobacteria (57), Bacteroides, Prevotella and 
Roseburia (58) and promoting the relative decrease of 
F i r m i c u t e s  ( 5 7 ) .

Substrates that are widely accepted prebiotics include the 
fructans inulin and fructo-oligosaccharides (FOS), galacto-
oligosaccharides (GOS), and lactulose (59). Some non-digestible 
carbohydrates (NDCs) are recognised as prebiotics after they 
were preferentially fermented by specific types of bacteria 
generally considered beneficial for the host (55). 

The mechanisms of action remain unclear but could be 
related to the regulation of intestinal mucosal biology where the 
intestinal mucosa was characterized by higher villi, deeper 
crypts, increased number of goblet cells and a thicker mucus 
layer on the colonic epithelium (60). The reduction of intestinal 
low grade inflammation promoted by the improvement of gut 
barrier integrity (58) and the decrease of pro-inflammatory 
cytokines release, lead to an improvement of glucose tolerance 
and insulin sensitivity (61).

Manipulating the Gut Microbiota by Fecal Transplants

Fecal microbiota transplantation (FMT) has been utilized for 
over 50 years, the main principle of fecal transplant is the 
possibility of this procedure replacing pathogenic microbes by 
beneficial communities, thus restoring the gut microbiota 
balance and enabling the cure of the disease (40).

Vrieze et al. evaluated the effects of FMT on insulin sensitivity 
in individuals with metabolic syndrome. Subjects with metabolic 
syndrome were randomly assigned to groups set to receive small 
intestinal infusions from lean donors or autologous microbiota. 
Subjects who received infusions from lean donors were noted to 
have an increase in insulin sensitivity and an increase in butyrate 
producing intestinal microbiota 6 weeks post transfusion. This 
led authors to conclude that intestinal microbiota might be 
developed as a therapeutic agent to increase insulin sensitivity in 
patients with metabolic syndrome and insulin resistance (62).

CONCLUSION

Gut microbiota may play an important role in the 
pathogenesis of T2DM by influencing body weight, 
proinflammatory activity and insulin resistance. Modulating the 
gut microbiota through the use of probiotics, prebiotics, 
antibiotics, and fecal microbiota transplantation may have 
benefits in improving glucose metabolism and insulin resistance 
in the host. Although ground-breaking research in recent years 
has enormously expanded our understanding of the microbiota-
host interplay, the numerous cellular and molecular 
mechanisms involved in the pathophysiological interactions 
await further discovery and characterization. Future studies are 
required to increase our understanding of the complex interplay 
between intestinal microbiota and the host to enable the 
development of new effective treatments for T2DM.
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