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Abstract

Increasing evidence, both functional and morphological, supports the concept of increased 

intestinal permeability as an intrinsic characteristic of type 1 diabetes (T1D) in both humans and 

animal models of the disease. Often referred to as a “leaky gut”, its mechanistic impact on the 

pathogenesis of T1D remains unclear. Hypotheses that this defect influences immune responses 

against antigens (both self and non-self) predominate, yet others argue hyperglycemia and insulitis 

may contribute to increased gut permeability in T1D. To address these complicated issues, we 

herein review the many conceptual role(s) for a leaky gut in the pathogenesis of T1D and suggest 

ways that if true, therapeutic interventions aimed at the gut-pancreas axis may prove promising for 

future therapeutic interventions.
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Introduction

The gastrointestinal system, serving as the largest organ of the immune system and one 

providing an interface between the external environment and the host, has been linked with 

numerous autoimmune diseases (1). Included in any such listings of disease entities is type 1 

diabetes (T1D) where a relationship between the gut and beta (β) cell autoimmunity has long 

been thought to influence the disorder’s pathogenesis (2–5). Studies of both animal models 

of T1D as well as humans with the disease have demonstrated the impact of environmental 

and dietary factors on the disorder’s incidence, gut leakiness, an altered microbiome, and a 
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variety of concepts associated with alterations in immune regulation, supporting such an 

assertion.

Some seven years ago, well before the recent explosion in interest surrounding the role for 

the gut in T1D began, we proposed a novel concept…“The Perfect Storm hypothesis” in an 

attempt to address the question of how the gut influences the pathogenesis of T1D (2). With 

this notion, we proposed a complex interplay between intestinal microbiota, gut permeability 

and mucosal immunity, three facets that collectively were thought to form the unfortunate 

underpinnings for T1D development (2). In the time since first presenting this hypothesis, 

much in the way of supporting evidence has been obtained, even to the point where 

discussions of therapies targeting the gut for the purpose of preventing and/or delaying the 

development of T1D are occurring. In this mini-review, we will convey current thoughts 

regarding these issues and thereby consider the potential role for “gut leakiness” in the 

pathogenesis of T1D.

Gut leakiness in rodent models of T1D

Functional evidence

Gut leakiness, most commonly referred to as increased intestinal permeability, can be 

functionally evaluated by measurement of disaccharides and monosaccharides in urine 

following their oral administration. As early as 1999, investigations involving the 

spontaneously diabetic bio breeding (BB) rat model of T1D asserted an unusual degree of 

gastrointestinal permeability in the stomach, small intestine, and colon in this strain of 

animals following such testing (6). Interestingly, this increased gastric and small intestinal, 

but not colonic permeability appeared before the development of both insulitis and overt 

diabetes. Later studies demonstrated that high risk diabetes prone (BB-DP) rats had 

increased intestinal permeability in comparison to low risk diabetes resistant (BB-DR) rats 

even in the pre-diabetic phase, and also provided anatomical evidence of alterations in the 

tight junction protein claudin (7). In contrast, the gut infiltration by inflammatory cells (i.e., 

neutrophils) was much more predominant in BB-DP versus BB-DR rats, supporting the 

notion that increased intestinal permeability might trigger the inflammatory response in 

genetically-predisposed models (8).

However, the means (if any) by which this intestinal inflammation might lead to 

autoimmune insulitis remain unclear. It is reasonable to speculate that chronic inflammation 

may increase permeability to luminal antigens, thereby rendering it difficult to induce 

normal tolerance to orally delivered antigens and that this combined with a potential 

forerunner is capable of inducing the autoimmunity ultimately culminating in T1D. 

Deficiencies in gut natural killer (NK) cell number and function, which precedes diabetes 

onset in BB-DP rats (9), may also play a role in this multifaceted overall aberrancy of gut 

leakiness (Fig. 1).

Structural evidence

Additional evidence supporting the concept of gut leakiness, albeit more indirect than the 

aforementioned functional studies, largely derives from histological and structural 

information including mucosal architecture, crypt length, expression levels of tight junction 
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proteins, inflammatory infiltration status, intestinal peroxidase activity, glucagon-like 

peptide 1 (GLP-1) levels and mucin content (10). As a collective, these facets provide strong 

support to the notion that gut damage and dysfunction is an inherent characteristic of BB-DP 

rats.

Recently, a thorough study described both structural and functional aberrations affording 

increased intestinal permeability in young normoglycemic BB-DP rats, accompanied 

subsequently by a typical inflammatory reaction in the mucosa as well as loss of nitrergic 

neurons and motor function in gut (11). Altered small intestinal motor control has also been 

observed in diabetic BB-DP rats (12). With such a large number of gut-associated 

abnormalities, it is clear why we and others have offered the proposal that the origin of T1D 

might reside in the gut (5, 13).

Evidence from methods alleviating and aggravating gut permeability

The observation that gut leakiness precedes diabetes onset in BB-DP rats supports the 

potential for a cause-effect relationship between gut physiology/inflammation and the onset 

of T1D. The questions then become those of how and why. How might, in a sequential 

order, various gut aberrancies, inflammation result in disease, and why does this occur?

Dietary factors were amongst the first candidates demonstrating the ability to modulate gut 

permeability. Hydrolyzed casein diets, gluten-free diets, and oral administration of butyrate 

and glucagon-like peptide 2 (GLP-2), the latter two having the physiological ability to 

restore impaired intestinal barrier function, have been evaluated in both BB-DP rats and 

non-obese diabetic (NOD) mice. The impact of these interventions on disease development 

did, however, vary in terms of their effectiveness. Autoimmune diabetes was reduced by 

50% with both hydrolyzed casein-diet (14, 15) and gluten-free diet (16). Yet, in vivo studies 

in these animal models using either butyrate (17) or GLP-2 (18) did not provided such 

pronounced effects. The reasons for inconsistency between such studies are unclear, but it 

would appear that the strongest protection from disease was observed with casein hydrolyte 

and thought to be through its influence on the intestinal barrier (19). Strikingly, even 

maternal gluten-free diets in NOD mice reduced inflammation and diabetes incidence in the 

offspring (20), with increased expression of tight junction-related genes in the gut and 

increased frequency of FoxP3 positive regulatory T cells in pancreas, suggesting that dietary 

gluten may influence the gut-level priming of immune cells capable of influencing 

autoimmunity against pancreatic β cells.

It is conceivable that regulation of gut barrier could protect or accelerate diabetes 

development. In this regard, cereal diets have been demonstrated to promote diabetes 

development in NOD mice in comparison to a hydrolyzed casein diet (15); although, no 

direct evidence on decreased gut permeability was observed. Experiments involving the 

administration of enteric bacterial pathogens to NOD mice, with or without gut barrier-

disrupting effects, have further elaborated on the relationship between barrier function and 

immune activation. Specifically, infection with wild-type C. rodentium accelerated the 

development of insulitis in concert with infection-induced barrier disruption; whereas, 

insulitis development was not altered in NOD mice infected with the non-barrier-disrupting 

DeltaespF strain (21). Additional mechanistic studies also noted that activation and 
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proliferation of pancreatic-draining lymph node T cells, especially diabetogenic CD8+ T 

cells, occurred after loss of intestinal barrier function and contributed to insulitis 

development. These findings indicate that interaction of the intestinal microbes with gut 

immune system is a critical pathogenic factor modifying progression to T1D in those 

genetically predisposed (22).

In sum, a collective of studies utilizing animal models of T1D indicate that the manifestation 

of autoimmune disease can be modified by factors that influence the gut immune system, 

thereby forming the basis for addressing similar questions in humans.

Gut leakiness in human patients with T1D

Functional evidence

Based, in part, on the aforementioned studies in animal models, both functional and 

histological aspects of the small bowel have been subject to investigation in human T1D, 

albeit such attempts have been limited in number. With respect to intestinal permeability, 

clearance of lactulose and mannitol has been investigated in patients with T1D with diverse 

results in terms of their outcome. An early study of 31 T1D patients showed an increase of 

intestinal permeability to monosaccharide mannitol, indicative of an injury of the integral 

surface mucosa (23). A subsequent study in pediatric T1D patients did not display any 

difference of gut permeability to lactulose and mannitol, except for in those patients with the 

HLA-DQB 1*02 allele (i.e., high-risk for celiac disease (CD)) who absorbed significantly 

more mannitol (24). The largest sample size study to date tested 81 subjects with islet 

autoimmunity (including preclinical, new-onset and long-term T1D) and found all such 

groups showed a similar increase in intestinal permeability to the disaccharide lactulose, 

indicative of a damaged barrier, relative to controls (25). However, a similar permeability to 

mannitol, indicative of an integral surface mucosa, was observed for all groups (25). These 

results have instilled some to suggest that this leakiness is a primary feature of T1D and 

perhaps the initial steps of evolution to celiac disease (23).

Intestinal biopsy evidence

Morphological and histological studies, though limited in number, have more readily 

associated gut leakiness with immunologic activity or immunoregulatory mechanisms. 

Patients with T1D, similar to newly detected CD, exhibited parallel expression of tight 

junction protein 1 (26). This finding might provide a good explanation for a second study 

which found that even structurally normal intestine in pediatric T1D patients without CD 

had enhanced immunologic activity, with increased expressions of HLA-DR, HLA-DP, and 

intercellular adhesion molecule-1, as well as increased frequency of IL-1α and IL-4-positive 

cells in the small intestinal mucosa (27). However, for T1D patients without intestinal 

symptoms, biopsy of gut has, in certain countries, been difficult to perform for ethical 

reasons; also, for patients with gut symptoms who had negative biopsies, new indicators 

might help to discern subclinical abnormalities. As such, some have questioned whether 

other biomarkers of inflammation and leakiness commonly used in intestinal diseases could 

be applied in T1D, as indirect measures.
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Additional markers for intestinal permeability

Zonulin, the only human protein discovered to date that is known to reversibly regulate 

intestinal permeability by modulating intercellular tight junctions (28–30). In particular, 

zonulin upregulation seems to precede the onset of the T1D, providing a potential link 

between increased intestinal permeability, environmental exposure to non-self-antigens, and 

the development of autoimmunity in genetically susceptible individuals (31).

Other possible candidates, that mainly serve as biomarkers for intestinal inflammatory 

reactions, might also serve as new parameters for analysis. For example, calprotectin and 

S100A12, two members of the Ca2+-binding S100 family of proteins, have been investigated 

as a noninvasive marker of gut inflammation and were highly correlated with the activity of 

inflammatory bowel disease (32, 33). Serum and urine levels of claudin-3 and intestinal fatty 

acid binding protein (I-FABP) were also demonstrated to correlate with injury to the 

intestinal mucosa common to inflammatory bowel diseases (34). Therefore, these and other 

biomarkers (summarized in Table 1) should be further evaluated for their associations with 

T1D and as a potential means for identifying a leaky gut in those with the disease.

Potential factors that may contribute to a leaky gut

The role of dietary factors and microbiota

As discussed above for mice, specific diets, such as hydrolyzed casein and gluten-free diets, 

have the physiological ability to restore impaired intestinal barrier function in humans while 

cow's milk, which may contain adjuvant autoantigens, might have the opposite effect (35). 

These different effects of diet may, in part, be due to dietary effects on gut microbiota 

patterns, or instead, they may control intestinal inflammation through a mechanism 

involving GLP-2-driven improvement of gut permeability (36, 37) .

Emerging studies assessing the role of gut microbiome in T1D have, in fact, made reference 

to the potential influence on T1D susceptibility (38). Most of these studies, albeit limited, 

focus on the role of butyrate and/or lactate producing bacteria, as well as the role for short 

chain fatty acid ingestion influencing said bacteria, in turn influencing permeability (32). 

The interaction of gut microbiota and permeability had been emphasized in our and others 

previous reviews (39, 40).

The influence of age

As expected, results in BB-DP animal models demonstrated that intestinal permeability 

measured both in vivo and ex vivo decreased as age increased. Importantly, this trend existed 

in all rat strains, whether T1D prone BB-DP, T1D resistant BB-DR or wild-type Wistar rats. 

However, for humans, only healthy aging has been studied to address this question, and 

these efforts found that the small intestinal mucosal barrier did not deteriorate with age per 

se (41).

The role of maternal status

Maternal obesity and the influence of maternal antibiotic usage have both been evaluated for 

their influence on gut barrier in their offspring. NOD offspring from obese mothers had 
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higher intestinal permeability and reduced villi/crypt ratios in the ileum (42). While 

theoretical, this enhanced gut permeability in offspring of obese mothers might predispose 

them to the development of T1D and other gut permeability-associated diseases. The use of 

antibiotic in mothers around parturition may also transiently modify maternal fecal 

microbiota and then selectively modulate colonic permeability in their offspring (43).

Other possible factors

The status of hyperglycemia might also be one of the factors influencing intestinal 

permeability. One clue emanates from studies suggesting increased intestinal permeability in 

T2D (44) where circulatory zonulin levels were significantly increased and positive 

correlations were seen with inflammatory markers as well as poor glycemic/lipid control 

(45). Moreover, the diabetic state could affect the innervation of the gut (46), a concept 

suggesting that abnormalities in glucose metabolism might contribute to altered permeability 

in T1D. Finally, a role for certain enteroviruses has been established in modulating intestinal 

permeability; although, inconsistent results have been displayed with or without 

enteroviruses detected in the intestine of patients with T1D (47–49).

Future directions and possible intervention trials

As noted in the introduction, evidence in support of a “leaky gut” in T1D has expanded, and 

while the issue is still debated, ongoing discussions are occurring regarding the potential 

efficacy of gut directed therapies for T1D prevention/reversal (50). Amongst the most 

discussed examples of such therapies are presented here.

Dietary intervention

Diets which are supposed to improve gut barrier, including hydrolyzed formula (51–54), 

delayed exposure to gluten (55), gluten-free foods (56), and omega-3 polyunsaturated fatty 

acids (57) have been implemented in both animal models and T1D patients for prevention 

and intervention. Sadly, to date, no definite benefit toward T1D prevention has been 

uncovered, yet their potential to disrupt the formation of disease associated autoantibodies 

remains in question.

Oral probiotic or antibiotic therapy

Both oral probiotics, such as Bifidobacterium and Lactobacillus species, as well as non-

absorbable antibiotics inducing “gut decontamination” could potentially improve intestinal 

barrier function at multiple levels, as shown through animal studies (58, 59). Beyond this, 

probiotic or antibiotic administration has been shown to prevent diabetes development in 

NOD mice (60), with decreasing gut permeability and modulation of local immunity 

proposed as the primary mechanism of therapeutic action. These studies also provided 

evidence demonstrating that their effect on prevention was associated with an increased 

production of IL-10 from Peyer's patches and spleen, alongside of increased IL-10 

expression in the pancreas (60). Taken collectively, this implies a gut–pancreas axis strategy 

might prove beneficial in T1D prevention or treatment.
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GLP-1 based therapy

Given the optimistic impact of GLP-1 based therapy in T2D, this class of drugs has shown a 

promising effect in the preservation of beta cell function for T1D patients (61, 62). Although 

the exact mechanisms are unclear and should be multi-targeted, their action on gut 

microbiota and intestinal permeability may prove therapeutically beneficial.

Just like other intervention therapies, agents aiming at the leaky gut in NOD mice showed 

much more promising results than in humans. However, some specific diet and probiotics 

have shown beneficial results, although some with only with minimal effect (55, 56, 63). 

Considering certain aspects of the T1D related physiology in NOD mice might not be shared 

with humans, we could see a situation where responses to therapies may be somewhat 

inconsistent in terms of their translation. Hence, future longitudinal studies with regular 

follow-up of intestinal permeability and morphology, aiming primarily at beta cell function 

or T1D incidence would provide valuable evidence towards this issue.

Conclusions

Multiple studies suggest that aberrant functional integrity of the gut, as well as its impact on 

the immune system, in settings of T1D may indeed contribute to the development of this 

disease. These studies have encouraged the search for treatments interfering with this 

permeability for the purpose of T1D prevention. Our understanding of the function of the 

gut immune system in humans is, however, limited and the use of drugs (e.g., oral antigens 

or immune adjuvants) that modify the function of the gut immune system may not be 

benign. Therefore, while certainly justifiable as an area for active investigation, we would 

suggest that much more in the way of functional and mechanistic information must be 

derived before therapeutic interventions could proceed with confidence.
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Abbreviations

T1D type 1 diabetes

β beta

BB-DP bio breeding diabetes prone

BB-DR bio breeding diabetes resistant

NK natural killer

GLP-1 glucagon-like peptide 1

GLP-2 glucagon-like peptide 2

NOD non-obese diabetic
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Treg regulatory T cells

CD celiac disease

I-FABP intestinal fatty acid binding protein
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Figure 1. 
With this figure, we propose a working hypothesis for the role of gut leakiness in T1D 

pathogenesis. The intercellular spaces between intestinal epithelials become wide (existence 

of leaky gut) in type 1 diabetes, due to zonulin up-regulation and tight junction related gene 

down-regulation. The increased permeability to lumenal antigens, on the one hand, makes it 

difficult to induce normal tolerance to orally delivered antigens; on the other hand, leads to 

gut microbiota dysbiosis. The microbiota imbalance, in turn, exacerbates gut leakiness. 

Dietary related antigens give rise to an autoimmune cascade, leading to β cell autoimmunity 

and insulitis, and the resulting upregulation of pro-inflammatory cytokines further 

aggravates intestinal barrier dysfunction, forming a vicious cycle and accelerating the 

development of T1D.
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