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Introduction
Gut microbiota is composed of all the microorganisms residing in 

the gastrointestinal tract.1,2 The initial composition of microbiota is 
affected by how the infant is delivered: during vaginally delivery, new-
born infants are exposed to maternal vaginal microbes; while infants 
delivered by a C-section are exposed to maternal skin microbes.3 
After that, the microbiota composition is modulated by diet, health 
status, pharmaceutical agents as well as many other factors.4,5 Gut 
microbes shape the host physiology in various aspects, such as energy 
homeostasis, immune development and even social behavior.

Several diseases have been linked to gut microbiota, including 
T1D, an autoimmune disease hallmarked by T-cell recognition of islet 
antigens and autoimmune-mediated death of insulin-secreting β cells. 
Although incidence of T1D in China is currently low in worldwide 
comparison (~0.1 cases per 100000 people each year),6 the trend 
of disease incidence is rising rapidly, at least in some area.7 Also, 
considering the large population in China, the absolute quantity of 
patients suffering T1D is huge. Thus, social and economic burden 
caused by T1D is large and more attention should be given to this 
disease.

Gut microbiota and T1D
Various observations made in rodent models indicate that intestinal 

microbiota might be a contributing factor to T1D. Microbiota 
composition influences the likelihood of developing T1D. Candon 
et al.8 used antibiotic mixture to completely eliminate gut microbiota 
and vancomycin to partially eliminate gut microbiota in non-obese 
diabetic (NOD) mice. In both models, the incidence of T1D rises, 
with antibiotic mixture showed a stronger effect. Along with these 
findings, it is reported that mice lacking MyD88, an adapter protein 
in microbial antigen recognition, did not develop T1D if reared 
specific pathogen free (SPF), while they developed T1D if kept 
germ-free (GF).9 Moreover, colonization of these GF mice with 
defined bacteria resembles that in healthy human attenuates T1D.9 
Microbiota composition of diabetes-prone and diabetes-resistant mice 

are shown to be different. Using high throughput pyrosequencing and 
quantitative PCR, Roesch et al.10 concluded that Lactobacillus and 
Bifidobacterium are more abundant in bio-breeding diabetes-resistant 
(BB-DR) mice, as compared to bio-breeding diabetes-prone (BB-DP) 
mice.

Intestinal microbiota might also play a role in virus-induced 
diabetes. Hara and colleagues11 reported a transient increase of 
intestinal Bifidobacterium spp. and Clostridium spp. level after virus 
injection. This change of microbiota composition can be restored with 
sulfatrim, which protects the rats from T1D. Other studies focus on 
the different composition of intestinal microbiota in T1D patients 
and healthy control. Phylogenetic microarray analysis of intestinal 
microbiota composition between age-matched children with or without 
T1D12 concluded that butyrate-producing bacteria predominates the 
intestinal microbiota in healthy children. In another study,13 the same 
group studied fecal microbial composition in children with or without 
islet-autoantibody matched for not only age, sex and early feeding 
history, but also HLA class II genotype, and draw similar conclusions, 
thus ruling out the possibility that it is the major histocompatability 
complex genotype which affect the gut microbial composition. Cohort 
study14 also revealed decreased microbiota diversity before the onset of 
T1D and increase of pro-inflammatory organisms. These experiments 
collectively indicate the pivotal role of intestinal microbiota in T1D. 
Next, we will discuss existing mechanisms proposed to elucidate how 
microorganisms in the gastrointestinal tract contribute to T1D.

Influence production of host metabolites
Host metabolites can be modified by microbial colonization in 

mice:15 serum phosphatidylcholine (PC) level is dramatically higher 
in conventionally-raised mice as compared to germ-free mice. 
Serum PC level has been linked to T1D by a serum metabolome 
study16 showing that children who later developed T1D displayed 
lower level of phosphatidylcholine at birth. Also, PC is known as 
an anti-inflammatory molecule.17 Therefore, gut microbiota might 
promote T1D development by eliminating the production of anti-
inflammatory molecules. Similarly, dysbiosis of gut microbiota 
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Abstract
Type 1 diabetes (T1D) is an autoimmune disease characterized by the damage of 
autoantibody against β islet cells. Because of the painful suffering of the patients 
and the heavy social burdens, T1D has attracted increasing research interests. Several 
observations made in both rodent models and human patients shed lights on the 
association between T1D and gut microbiota, yet the underlying mechanism of how 
microorganisms in the gastrointestinal tract contribute to T1D remain elusive. In the 
present review we have mainly reviewed recent hypothesis including: (1) interference 
of gut microbiota with host metabolism and creation of an inflammatory milieu; (2) 
influence of specific strains or metabolic by-products on the differentiation of host 
T cell; and (3) moderation of host gut integrity by certain microbial metabolite. We 
believe that these knowledge are crucial for the early detection and proper intervention 
of T1D.
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might contribute to the development of T1D by promoting a pro-
inflammatory intestinal milieu. It has been reported that serum and 
fecal lysophosphatidylcholines level, a pro-inflammatory molecule, 
increase prior to the development of disease.14,16 These results 
combined suggest that gut microbiota might contribute to T1D by 
altering host metabolites.

Gut microbiota interfere with development 
of host immune system
Specific bacteria strains modulates T cell differentiation

Upon different stimulation, the same ancestor, naive CD4+ cells, 
can differentiate into Th17 cells and T regulatory (Treg) cells. 
Treg cells suppressed excess immune response, protected against 
autoimmunity and were marked by the expression of Foxp318 while 
the role of Th17 cells in T1D was still debatable, as explained in the 
following paragraphs.

Ivanov et al19 first showed that Th17 cells differentiation in the 
small intestine required gut microbes and was inhibited by certain 
antibiotics. Later, Kriegel et al.20 studied colonization of segmented 
filamentous bacterium (SFB) in NOD mice raised in different 
facilities and concluded a protective effect of SFB in female NOD 
mice from T1D, but not in their male companions. The underlying 
mechanism might involve Th17, since SFB have been previously 
reported to induce naive CD4+ cells differentiation into Th17 cells.21,22 
Also, it has been reported that the intestinal T cell antigen receptor 
is biased toward SBF.23 The role of IL-17 producing cells in T1D is 
controversial, due to the complex nature of various IL-17 producing 
T cell subsets. One plausible explanation of its protective effect of 
Th17 is mediated by suppressed islet-target Th1 effector cells, as in 
accordance with a previous study.24 Though SFB has not been reported 
as a natural component of human gut microbiota, the possibility that 
another bacteria fills its gut niche still exist. However, while Kriegel 
and colleagues as well as other groups8,25 proposed a protective role 
of Th17, there are studies that draw opposite conclusion. Hence, the 
role of SFB in T1D progression needs further inspection. Atarashi et 
al.26 reported that colonization of mice by a certain mix of Clostridium 
strains resulted in enriched CD4+ Treg cells, most likely because 
Clostridium induces the intestinal epithelial cells to release TGF-β 
and other Treg cells-inducing factors. 

Metabolic by-products modulate T cell differentiation

Gut microbes can also affect the development of immune system 
through their metabolic by-products. They produce short-chain fatty 
acids (SCFA), including acetate, propionate and butyrate.27 Smith et 
al.18 found that germ-free (GF) mice displayed lower level of several 
important SCFA and they suspected that this might account for the 
compromised immune system of GF mice, especially reduced size of 
Treg population. They fed GF mice with SCFA in drinking for three 
weeks and observed restored Treg size. Further studies agreed with 
this finding and seek to unveil the underlying mechanisms. Arpaia 
et al.28 reported that butyrate promotes Treg cells differentiation 
through its histone deacetylase (HDAC) inhibitory activity. Butyrate 
stabilized acetylation of the Foxp3 locus and increased Foxp3 protein 
expression, which is crucial for Treg development. They also found 
that propionate, but not acetate, affect the size and function of Treg 
cells in the same way. Along with these findings, compositional 
analysis of the microbiota of T1D children and controls showed 
that healthy children have more butyrate-producing bacteria in their 
gut.12,26,29

Treg cells play a critical role in immune suppression and their 
deficiency can leads to T1D, as shown in mice and other animal 
models.30 As for implication in human, Tiittanen et al.31 performed 
quantitative reverse PCR in the small intestinal biopsies from T1D 
patients and reported comparable density of Foxp3-expression cells 
with control. A more recent study showed that in T1D patients, 
while the number of Treg cells was not changed, their function 
were defective.30 Absence of proper autoimmune regulation might 
contribute to T1D.

Balanced signal hypothesis
It is proposed that gut microbes can have both pro-inflammatory 

and anti-inflammatory effect, the host genetics defines the interaction 
with microbes and the overall outcome should reach a balance.32 
Burrows et al.33 confirmed this theory by showing that Myd88/Trif 
double knockout NOD mice were not protected from T1D in the 
presence of conventional microbiota, unlike the NOD single Myd88 
knockout.9 They proposed that, while Myd88 signaling recognize 
bacterial antigen and stimulate immune response, TRIF signaling 
might serve as a bacteria-induced pathway which ameliorate immune 
response. This hypothesis might explain previous studies that were 
contradictory about T1D incidence of TLR4 knockout mice,34,35 since 
TLR4 was mediated by both TRIF and Myd88.36

Gut microbiota affects intestinal integrity of 
the host

Increased gut permeability is linked to T1D in both animal models 
and human patients. It was reported that gut barrier damage precedes 
insulitis.37–39 Functionally, study of intestinal permeability to sugar in 
81 subjects at different stages of T1D and 40 healthy controls concluded 
that gut integrity is damaged in subjects with islet autoimmunity.40 In 
the molecule level, it was reported that genetic susceptible BB mice 
expressed less tight junction protein claudin and displayed increased 
intestinal permeability than control.41 Morphologically, structure 
alterations under transmission electron microscopy of intestinal 
barrier in T1D patients was also observed.39

Garcialafuente et al.42 excluded a segment of colon from rat, 
eradicated native microbes with antibiotics and colonized it with 
specific bacteria strains. They found that certain strains such as 
Escherichia coli, Klebsiella pneumoniae, and Streptococcus viridans 
increased the gut permeability to mannitol, whereas other strains such 
as Lactobacillus brevis decreased gut permeability, providing direct 
evidence that gut microbes alter intestinal integrity.

Later studies reported similar results,43 and the underlying 
mechanisms have been intensively studied. Using human colonic 
epithelial cell as experimental subject, Peng et al.44 found that 
butyrate, one of the metabolic by-products of gut microbiota, strength 
gut barrier by regulating the assembly of tight junction through AMP-
activated protein kinase. Brown et al.29 also reported butyrate as a key 
regulator in maintaining gut integrity. Based on metagenomic analysis 
of stool samples from T1D patients and controls, they proposed a 
model in which butyrate promotes mucin synthesis, a glycoprotein 
made by the host to maintain gut barrier, while non-butyrate producing 
lactate-utilizing bacteria shows opposite effect.

 High-fat diet can cause a lipopolysaccharide (LPS)-rich 
environment in the gut, which has been shown to impair intestinal 
integrity by interfering the production of tight junction proteins.45 
This LPS regulating of intestinal barrier was modulated through the 
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activation of TLR4 pathway associated with FAK and MyD88.46 
Prebiotic carbohydrate treatment reduces this high-fat diet-induced 
dysfunction of gut barrier by a proglucagon-derived peptide (GLP-2)-
dependent mechanism.47 

Mucosal-associated invariant T cells (MAIT cells) are a class of 
innate-like lymphocytes with important roles in microbial defense. 
Rouxel et al.48 suggested in a recent study that MAIT cells can 
play either a preventive role in T1D by enhancing intestinal barrier 
function or a pathological role by directly killing β islet cells. Switch 
between preventive and pathological roles could be due to microbiota 
metabolites presented by CD11b+CD11c+dendritic cells (DCs), 
sensor of the intestinal environment.49

 The next question is how this “leaky gut” affect the onset of 
T1D. It is proposed that the increased gut permeability might allow 
more exogenous antigen into the mucosal immune system, which 
further leads to increased production of cytokine that may attack and 
damage pancreatic beta cells.50 Diehl and colleagues51 reported that 
at steady state, intestinal microbes prevents the transportation of both 
commensal and pathogenic bacteria into mesenteric lymph nodes, and 
this homeostasis can be affect by antibiotics, which results in T cell 
immune response and IgA production. Watts et al.9 found that in BB 
mice, up-regulation of zonulin, which elevates gut permeability by 
regulating tight junction, precedes autoimmune response against the 
islet cells. Thus, they concluded that zonulin-related loss of intestinal 
barrier contributes to T1D development, at least in mice models. 
Similarly, elevated serum zonulin level correlated with increased gut 
permeability was observed in T1D patients.52

Notably, bacterial metabolites might also attack the islet directly. 
In mice, streptomyces-derived toxin has been reported to impair 
glucose tolerance, reduce islet size and decrease relative β-cell mass 
at low dose, mainly through its ATPase inhibition.53 However, such 
toxin has yet to be reported in human gut microbiota.

Problems in studies
These hypothesis are intriguing, yet in need of further proof. While 

it is widely accepted that intestinal microbes can alter host metabolism, 
the underlying mechanisms remains unclear. To draw a more definite 
conclusion about influence of specific bacteria strains on the immune 
system, longitudinal studies to identify protective or deleterious effect 
and colonization of defined bacteria species in mice and other animal 
models might be helpful. To further study the role of Th17 cells in 
the progression of T1D, method to segregate and recognize T cell 
subsets and cytokines should be refined, given the complexity of IL-
17-expressing cells. While the association between microbiota, “leaky 
gut” and T1D has attracted much scientific interest, various questions 
still remain unanswered, such as how a damaged intestinal barrier 
contributes to autoimmunity. 

Summary
Gut microbiota affects the susceptibility of rodents to T1D. 

Alteration of the microbial composition by means of antibiotics in 
turn changes their susceptibility. In human, difference of microbiota 
composition is observed between T1D patients and healthy control. 
These findings combined indicate the contributing role of gut 
microbiota in T1D. Several mechanisms have been proposed to explain 
the relationship between gut microbiota and T1D: (1) microorganisms 
residing in the intestine moderate host metabolism, elevating level 

of either pro- or anti-inflammatory molecules; (2) specific strains or 
metabolic by-products of the bacteria influence the differentiation of 
host T cell; and (3) certain microbial metabolites can either strengthen 
or reduce host gut integrity, and an impaired intestinal barrier allows 
more exogenous antigen into the host immune system, leading to 
increasing cytokines production and β cell damage.

The exact mechanisms of how intestinal microbial community 
affect the onset and progression of T1D are still unclear. We believe 
that solving these mysteries can not only pave a way for early 
detection and proper intervention of T1D, but also shed lights on other 
autoimmune diseases.
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