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A B S T R A C T   

The etiopathogenesis of the autoimmune disease type 1 diabetes (T1D) is still largely unknown, however, both 
genetic and environmental factors contribute to the development of the disease. A major contact surface for 
environmental factors is the gastrointestinal (GI) tract, where barrier defects in T1D likely cause diabetogenic 
antigens to enter the body tissues, contributing to beta-cell autoimmunity. Human and animal research imply 
that increased intestinal permeability is an important disease determinant, although the underlying methodol-
ogies, interpretations and conclusions are diverse. In this review, an updated comprehensive overview on in-
testinal permeability in patients with T1D and animal models of T1D is provided in the categories: in vivo 
permeability, ex vivo permeability, zonulin, molecular permeability and blood markers. Across categories, there 
is consistency pointing towards increased intestinal permeability in T1D. In animal models of T1D, the intestinal 
permeability varies with age and strains implying a need for careful selection of method and experimental setup. 
Furthermore, dietary interventions that affect diabetes incidence in animal models does also impact the intestinal 
permeability, suggesting an association between increased intestinal permeability and T1D development.   

1. Introduction 

Type 1 diabetes (T1D) is an autoimmune T cell-mediated disease, in 
which the pancreatic beta-cell mass is partially or completely destroyed, 
leading to hypoinsulinemia and hyperglycemia. Genetic predisposition 
is an important part of the pathogenesis and the majority of T1D patients 
have the haplotypes HLA-DR3-DQ2 and/or HLA-DR4-DQ8 [1]*. Genetic 
drift alone cannot explain the global increase in the disease incidences 
over the past few decades [2–4]*. Additionally, the concordance rates 
for T1D among monozygotic twins are not identical [5–7]*, which un-
derlines that environmental factors are key components of the T1D 
pathogenesis. 

T1D is associated with microbiota changes [8,9*], enterovirus in-
fections [10–13]*, increased intestinal permeability [14–17] and is 
moreover strongly correlated with celiac disease [18,19]*. Furthermore, 
a proinflammatory environment in the small intestinal mucosa has been 
observed in T1D patients, specifically with increased abundance of 
IFN-γ-, IL-1α- and IL-4-producing cells [20]* and reduced abundance of 
FoxP3+ T regulatory cells (Tregs) [21]*. This suggests that the tolero-
genic environment, which is maintained by the mucosal immune system 

and acts against food and bacterial antigens, is skewed in T1D. Also, 
lymphocytes targeting beta-cell specific antigens from T1D patients 
were found to express the gut homing receptor α4β7 [22]*. This receptor 
was found on the majority of lymphocytes in the pancreatic 
islet-infiltrate of pre-diabetic Non-Obese Diabetic (NOD) mice besides 
an aberrant homing behavior, where most α4β7 positive lymphocytes 
were located to non-mucosal tissues, including pancreatic lymph nodes 
(PLN) [23]*. This implies that lymphocytes infiltrating the pancreatic 
islets have been primed by the milieu in the gut before migrating to the 
pancreas. Thus, increased intestinal permeability could lead to an excess 
passage of diabetogenic antigens over the epithelial barrier, skewing the 
mucosal immune response towards inflammation and activating 
auto-reactive T cells. Taken together, the GI is likely central in the 
pathogenesis of T1D. 

This review aims to provide an interpretable schematic overview of 
results from different methods used to assess intestinal permeability in 
T1D patients. Included is also evidence from animal models with auto-
immune diabetes; namely the widely used NOD mouse and the Bio-
breeding Diabetes-Prone (BBDP) rat (Fig. 1 depicts relevant 
characteristics of the two animal models) [24]*. 

* Corresponding author. The Bartholin Institute, Biocenter Copenhagen, Ole Maaløes Vej 5, 2200, Copenhagen N, Denmark. 
E-mail address: mia.oegaard.moensted@regionh.dk (M.Ø. Mønsted).  

Contents lists available at ScienceDirect 

Journal of Autoimmunity 

journal homepage: www.elsevier.com/locate/jautimm 

https://doi.org/10.1016/j.jaut.2021.102674 
Received 5 March 2021; Received in revised form 29 May 2021; Accepted 29 May 2021   

mailto:mia.oegaard.moensted@regionh.dk
www.sciencedirect.com/science/journal/08968411
https://www.elsevier.com/locate/jautimm
https://doi.org/10.1016/j.jaut.2021.102674
https://doi.org/10.1016/j.jaut.2021.102674
https://doi.org/10.1016/j.jaut.2021.102674
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jaut.2021.102674&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Journal of Autoimmunity 122 (2021) 102674

2

To find relevant articles, PubMed was searched with the keywords 
(final search date: May 19th, 2021): 

(intestinal permeability OR intestinal barrier dysfunction OR gut perme-
ability OR leaky gut OR gastrointestinal permeability OR intestinal 
integrity OR gut barrier dysfunction) 
AND 
(“Diabetes Mellitus, Type 1” [Mesh] OR T1D OR insulin dependent 
diabetes OR juvenile diabetes OR juvenile-onset diabetes OR type 1 
diabetes) 

Supplementary articles that are cited in this review but not identified 
during the search are marked with an asterix (*) throughout the review. 
Articles identified in the search were examined for methods in the 
following categories: in vivo permeability, ex vivo permeability, zonulin, 
molecular permeability and blood markers. In each category two tables 
were constructed, one summarizing methods and results from human 
and animal model experiments while the other one summarizes methods 
and results from animal models either genetically modified or from 
intervention studies. Methods within each category are separated in 
rows to clarify which methods that are relevant to use in T1D research, 
while also highlighting the importance of age and potential association 
with diabetes incidence. Furthermore, the tables are divided into rows of 
either increased (↑), unchanged (↔) or decreased (↓) permeability or 
signs of intestinal damage. This provides an accessible way to interpret 
the relation between the observed experimental change and intestinal 
permeability. We believe that this provides a comprehensive and intel-
ligible overview of current knowledge, which will be helpful in planning 
experiments for the assessment of intestinal permeability in T1D and for 
data interpretation. 

2. In vivo permeability 

A common method for assessment of small intestinal permeability in 
humans is measurement of the concentration of non-metabolizable 
sugars, radioisotopes or polyethylene glycols (PEG) in the urine 

following ingestion. The outcome is often noted as the ratio of a para-
cellular and a transcellular marker. Trans- and paracellular permeability 
refers to transport through and between enterocytes, respectively. Par-
acellular markers that are discussed in this review include lactulose 
(LA), cellobiose, 15Cr-EDTA and PEG-4000, whereas transcellular 
markers include mannitol (MA) and rhamnose (Fig. 2). This method is 
also applicable in rodents, but a more common method for assessing 
paracellular permeability of the small intestine, especially in mice, is 
performed by oral administration of body weight-adjusted fluorescein 
isothiocyanate (FITC)-dextran 4000 (FD4) and subsequent measurement 
of the level in blood. 

2.1. Humans and animal models 

The majority of articles included in this review demonstrate an 
increased paracellular permeability in the small intestine of T1D pa-
tients compared to healthy controls [14–17,25] (Table 1). Interestingly, 
pre-onset individuals also show increased paracellular permeability [14, 
26]. Only a few studies do not find an increase in the small intestinal 
paracellular permeability in T1D patients vs controls [27,28]. The dis-
crepancies between findings are likely caused by differences in size of 
study groups, analytical methodology or country that the study was 
performed in, since exposure to environmental agents differ between 
countries [29]* just as the incidence of T1D [3]*. This could also merely 
reflect the multifactorial nature of T1D development. Still, an increased 
small intestinal paracellular permeability assessed in vivo seems quite 
established in human T1D. Results on the transcellular permeability in 
T1D patients are more variable. Conflicting articles have reported 
increased [27,28], decreased [16,28] or unchanged transcellular 
permeability [14,15,17] in T1D patients compared to controls (Table 1). 
These results are largely overlooked in the T1D literature, where T1D is 
cited as a disease with increased paracellular permeability. However, it 
appears that alterations in the transcellular permeability in T1D patients 
are also common. 

The paracellular/transcellular permeability ratio is often reported as 
increased in T1D patients but also in pre-onset individuals [14–17,26, 
30]. Especially the fact that T1D progressors with 2 ≥ islet autoanti-
bodies (IA) have increased intestinal permeability compared to 
non-progressors with 2 ≥ IA [30] (Table 1) suggests an involvement of 

Fig. 1. NOD mice and BBDP rats in type 1 diabetes research, differences in 
characteristics. The development of autoimmune diabetes in NOD mice and 
BBDP rats share many characteristics with human T1D development including 
development of insulitis, islet autoantibody and susceptibility to environmental 
factors [24]*. Hyperglycemia appears in NOD mice around 13 weeks of age and 
in BBDP rats around 60 days. In the literature, the age of NOD mice is typically 
indicated in weeks, whereas the age of BBDP rats is given in days. In NOD mice, 
the standard period for measuring diabetes incidence is 200 or 310 days 
compared to 150 days in BBDP rats. Female NOD mice are preferred for ex-
periments over male NOD mice, as a higher diabetes incidence is typically 
reached in female NOD mice. In BBDP rats, no gender difference is present in 
relation to diabetes incidence. BBDP=Biobreeding Diabetes-Prone, d = days, 
NOD=Non-Obese Diabetic, T1D = Type 1 diabetes, w = weeks. 

Fig. 2. Transcellular and paracellular markers for in vivo assessment of 
intestinal permeability. The transcellular permeability markers mannitol and 
rhamnose are absorbed through the enterocytes. Paracellular permeability 
markers, lactulose, cellobiose, 15Cr-EDTA and PEG-4000, passes the epithelial 
barrier between the enterocytes and are thus subjected to the semipermeable 
tight junction barrier. PEG-4000 = polyethylene glycol-4000. 
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increased small intestinal permeability in the pathogenesis of T1D as the 
number of serum IAs markedly increase the risk of progressing to overt 
T1D [31]*. Nonetheless, some studies report an unchanged ratio in both 
autoantibody-positive individuals and T1D patients compared to con-
trols [27,28,30]. An increased ratio is often interpreted as an increase in 
paracellular permeability, however, the transcellular permeability is, as 
already mentioned, not necessarily constant [16,27,28] (Table 1), which 
causes difficulties interpreting solely the ratio. Accordingly, it is 
important to report the results from both permeability measurements to 
make the correct conclusion. This is emphasized in the study by Kuitu-
nen et al., as they observed an unchanged LA/MA ratio, even though the 
T1D patients with the HLA-DQB1*0201 allele, which genetically pre-
dispose to celiac disease, had both an increased para- and transcellular 
permeability compared to T1D patients without the allele [28] (Table 1). 

Nevertheless, the use of these in vivo markers in human T1D seems 
relevant and generates consistent results regarding paracellular perme-
ability. Furthermore, the varying results regarding transcellular 
permeability should be investigated in future T1D permeability experi-
ments, since alterations in the transcellular permeability could be 
caused by structural changes in the morphology of the small intestine 
allowing a breech in the intestinal barrier. 

Similar results regarding para- and transcellular permeability are 
observed in animal models; however, the studies are few, possibly 
because of the difficulties and animal welfare problems of keeping ro-
dents in metabolic cages for a longer period of time to collect urine. Neu 
et al. observed an increased paracellular permeability, no change in 
transcellular permeability and hence an increased LA/MA ratio in the 
small intestine of BBDP and Biobreeding Diabetes-Resistant (BBDR) rats 

Table 1 
In vivo permeability in humans and animal models. The table depicts whether paracellular- (para), transcellular (trans) permeability (perm) or the ratio between 
them was changed (↑ increased, ↔ unchanged or ↓ decreased), which method was used to identify the change (↑ significantly increased, ↔ unchanged, ↓ significantly 
decreased), what organism was used and which groups that were compared and at what age. “Tissue” refers to the intestinal segment that the in vivo method examines, 
which is measured in either urine* or blood**. B6=C57BL/6, BBDP=Biobreeding Diabetes-Prone, BBDR=Biobreeding Diabetes-Resistant, FD4 = fluorescein iso-
thiocyanate (FITC)-dextran 4000, IA = islet autoantibodies, LA = lactulose, MA = mannitol, NOD=Non-Obese Diabetic, NOR=Non-Obese Diabetes-Resistant, T1D =
Type 1 Diabetes.   

Method Organism Group comparison (age) Tissue Ref. 

Para perm ↑ ↑ LA Human Pre-clinical, new-onset and long-term T1D vs controls Small intestine* [14] 
T1D vs relatives and controls Small intestine* [15] 
T1D vs controls Small intestine* [16] 
T1D (DQB1*0201 pos) vs T1D (DQB1*0201 neg) Small intestine* [28] 
T1D vs controls Small intestine* [17] 
IA-positive vs controls Small intestine* [26] 

Rat BBDR and BBDP vs Wistar (42, 49, 53 days) Small intestine* [32] 
↑ 15Cr EDTA Human T1D vs controls Small intestine* [25] 
↑ FD4 Mouse NOD vs NOR (4–6 weeks) Small intestine** [35] 

NOD vs NOR and BALB/c (10–12 weeks) Small intestine** [35] 
NOD vs BALB/c and B6 (16–18 weeks) Small intestine** [35] 
NOD at diabetes onset vs NOD (10 weeks) Small intestine** [36] 
NOD at diabetes onset vs NOD (10 weeks) Small intestine** [37] 
NOD (4 weeks) vs NOD (10 weeks) Small intestine** [37] 
NOD vs B6 and NOR (12 weeks) Small intestine** [34] 

↑ Sucrose Rat BBDP vs BBDR (50–110 days) Stomach, duodenum* [33] 

↔ ↔ LA Human T1D vs controls Small intestine* [28] 
↔ Cellobiose Human T1D vs children controls and adult controls Small intestine* [27] 
↔ FD4 Mouse NOD vs B6 and BALB/c (4–6 weeks) Small intestine** [35] 

NOD vs B6 (10–12 weeks) Small intestine** [35] 
NOD at diabetes onset vs NOD (6, 12 weeks) Small intestine** [37] 
NOD (12 weeks) vs NOD (6, 10 weeks) Small intestine** [37] 

↔ Sucrose Rat BBDP vs BBDR (25–~43 days) Stomach/duodenum* [33] 
↔ Sucralose Rat BBDP vs BBDR (25–110 days) Colon* [33] 

Trans perm ↑ ↑ MA Human T1D (DQB1*0201 pos) vs T1D (DQB1*0201 neg) Small intestine* [28] 
T1D vs children controls and adult controls Small intestine* [27] 

↔ ↔ MA Human Pre-clinical, new-onset and long-term T1D vs controls Small intestine* [14] 
T1D vs relatives and controls Small intestine* [15] 
T1D vs controls Small intestine* [17] 
IA-positive vs controls Small intestine* [26] 

Rat BBDR and BBDP vs Wistar (42, 49, 53 days) Small intestine* [32] 

↓ ↓ MA Human T1D vs controls Small intestine* [16] 
T1D vs controls Small intestine* [28] 

Para/trans ratio ↑ ↑ LA/MA Human Pre-clinical, new-onset and long-term T1D vs controls Small intestine* [14] 
T1D vs relatives and controls Small intestine* [15] 
T1D vs controls Small intestine* [16] 
T1D vs controls Small intestine* [17] 
IA-positive vs controls Small intestine* [26] 

Rat BBDP vs BBDR (50–75 days) Small intestine* [33] 
BBDR and BBDP vs Wistar (42, 49, 53 days) Small intestine* [32] 

↑ LA/Rhamnose Human T1D vs T1D sibling and controls Small intestine* [30] 
2 ≥ IA progressors vs non-progressors, T1D siblings and controls Small intestine* [30] 

↔ ↔ LA/MA Human T1D vs controls Small intestine* [28] 
T1D (DQB1*0201 pos) vs T1D (DQB1*0201 neg) Small intestine* [28] 

Rat BBDP vs BBDR (25–~43 days) Small intestine* [33] 
↔ LA/Rhamnose Human 2 ≥ IA and 1 ≥ IA vs controls Small intestine* [30] 
↔ Cellobiose/MA Human T1D vs children controls and adult controls Small intestine* [27]  
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compared to control Wistar rats [32]. Meddings et al. found an 
age-dependent increase in the LA/MA ratio in BBDP vs BBDR rats [33]. 
Measuring permeability in other segments of the GI tract is less common. 
An age-dependent increase in paracellular permeability was found in the 
stomach and duodenum of BBDP vs BBDR rats using sucrose as a marker, 
but on the other hand sucralose paracellular permeability in the colon 
was unaltered [33] (Table 1). 

Using FD4 as a marker, NOD mice were found to have an increased 
small intestinal paracellular permeability compared to Non-Obese Dia-
betes-Resistant (NOR) mice [34,35] (Table 1). An age dependent in-
crease in paracellular permeability was also found between NOD mice 
and the control strains C57BL/6 (B6) and BALB/c mice [35]. Further-
more, NOD mice had a higher paracellular permeability at 
diabetes-onset than at the age of 10 weeks [36,37] (Table 1). 

Increased intestinal permeability in BBDR rats and NOD mice 
compared to control strains seems age-related, which may reflect al-
terations in the intestinal permeability in the ageing animal or as the 
disease progresses with age. Other possible explanations to the varying 
results observed between NOD mice at different ages include differences 
in the exact execution of the FD4 analysis (length of fasting time and/or 
water deprivation, dose of FD4 administered per body weight etc.). 
Another reason could be differences in the diabetes incidence between 
animal facilities [38]*, which very well could be caused by variation in 
microbiota composition across the facilities and also vendors [39]*. 
Since NOD mice at the onset of diabetes show a higher paracellular 
permeability than younger NOD mice [36,37], failure to find this dif-
ference in the younger NOD mice is likely because not all of these mice 
progress to diabetes. Due to the age-related permeability differences, 
care must be taken when choosing groups and assessment age for 
permeability experiments in rodents. It would be relevant with a reliable 
non-fatal in vivo permeability method for evaluating the progression of 
paracellular permeability in T1D animal models and how it relates to 
T1D development. 

2.2. Animal models - genetic modifications and interventions 

Different dietary components have been found to modulate auto-
immune diabetes incidence in T1D animal models. Casein is a major 
protein component of cow’s milk. Hydrolyzed casein (HC) has protective 
effects on diabetes in BBDP rats, possibly due to absence of cow’s milk 
proteins [40]. BBDP rats were fed diets, where HC was the amino acid 
source, which decreased LA/MA ratios and reduced the diabetes inci-
dence [40,41] (Table 2). Furthermore, a control diet, where HC was 
replaced with an amino acid mixture, postponed the diabetes develop-
ment, but did not alter the LA/MA ratio [40]. This suggests a protective 
effect from specific peptides in the HC diets that the amino acid mixture 
does not have. Despite a decrease in the LA/MA ratio in BBDP rats on HC 
diet, the rats still had a higher permeability in stomach/duodenum and 
the small intestine than BBDR rats [33]. No difference was observed in 
the permeability of the colon [33]. 

In another study, treatment of BBDP rats with FZI/0, a zonulin 
antagonist that hinders zonulin-mediated disruption of tight junctions 
(see Section 4), also decreased the LA/MA ratio and reduced the diabetes 
incidence [42] (Table 2). This suggests that zonulin is involved in the 
pathogenesis of T1D, possibly through the regulation of paracellular 
permeability in the small intestine. 

To investigate a potential link between maternal obesity and gut 
epithelial barrier function, a high fat diet (HFD) was provided to NOD 
mice [43]. FD4 intestinal permeability was examined and found to be 
unchanged in the HFD-fed mothers but increased in their offspring, 
suggesting that the intestinal permeability is alterable already in utero 
(Table 2). It is unclear if the increased permeability led to a higher T1D 
incidence, as it was not measured in the study. 

Citrobacter rodentium, a bacterium with the capability of disrupting 
the epithelial barrier, was administered orally to NOD mice, which 
increased the FD4 intestinal permeability compared to control NOD 
mice [34]. In this study, FD4 was enema administered, thus the observed 

Table 2 
In vivo permeability in animal models - genetic modifications and interventions. The table depicts whether paracellular (para) permeability (perm) or the 
paracellular/transcellular (trans) perm ratio was changed (↑ increased, ↔ unchanged, ↓ decreased), which method was used to identify the change (↑ significantly 
increased, ↔ unchanged, ↓ significantly decreased), what organism was used and which groups that were compared and at what age. The “intervention” column 
denotes which treatment the animals were subjected to. “Incidence effect” is the observed effect of the intervention on diabetes incidence either in numbers, if available 
or as delayed diabetes onset, accelerated diabetes onset or the effect on insulitis score (“-“ marks if none of these diabetes endpoints were evaluated). “Tissue” refers to 
the intestinal segment that the in vivo method examines, which is measured in either urine* or blood**. BBDP=Biobreeding Diabetes-Prone, BBDR=Biobreeding 
Diabetes-Resistant, FD4 = fluorescein isothiocyanate (FITC)-dextran 4000, FZI/0 = blocker of the zonulin receptor, HC = hydrolyzed casein, HFD = high fat diet, IRT5 
= Immune Regulation and Tolerance 5, LA = lactulose, MA = mannitol, NOD=Non-Obese Diabetic.   

Method Organism Group comparison (age) Intervention Incidence effect Tissue Ref. 

Para perm ↑ ↑ Sucrose Rat BBDP vs BBDR (50–110 days) HC diet 50%–20% Stomach, duodenum* [33] 
↑ FD4 Mouse NODMR1-/- vs NODMR1+/- (15 weeks) – Accelerate Small intestine** [36] 

NOD (4 weeks) C. rodentium Increased insulitis 
score 

Colon (enema 
administered)** 

[34] 

HFD in utero - vs control NOD (16 
weeks) 

HFD (in utero) – Small intestine** [43] 

NODTrac-/- (8–10 weeks) BDC2.5 T cells 0%–~70% Small intestine** [37] 

↔ ↔ Sucrose Rat BBDP vs BBDR (25–~43 days) HC diet 50%–20% Stomach/duodenum* [33] 
↔ 
Sucralose 

Rat BBDP vs BBDR (50–110 days) HC diet 50%–20% Colon* [33] 

↔ FD4 Mouse NOD (12 weeks) HFD – Small intestine** [43] 

↓ ↓ FD4 Mouse NOD (7 weeks) XOS diet Delayed Small intestine** [45] 
NOD (16 weeks) IRT5 ~80%–~45% Small intestine** [47] 
NOD (13 weeks) Fingolimod ~58%–25% Small intestine** [46] 

Para/trans 
ratio 

↑ ↑ LA/MA Rat BBDP vs BBDR (50–110 days) HC diet 50%–20% Small intestine* [33] 

↔ ↔ LA/MA Rat BBDP (65 days) Amino acid mix Delayed Small intestine* [40] 
BBDP vs BBDR (25–~43 days) HC diet 50%–20% Small intestine* [33] 

↓ ↓ LA/MA Rat BBDP (44–72 days) FZI/0 80%–27% Small intestine* [42] 
BBDP (65 days) HC diet ~95%–~55% Small intestine* [41] 
BBDP (65 days) HC diet (Pancase S) ~85%–~60% Small intestine* [40] 
BBDP (65 days) HC diet 

(Nutramigen) 
~85%–~45% Small intestine* [40]  
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increase in permeability was colon derived. Concomitantly, the infected 
NOD mice showed an increased insulitis score at 12 weeks of age 
(Table 2). 

Mucosal-associated invariant T cells (MAIT cells) recognizes me-
tabolites derived from the microbiota when presented by the MHC class 
I-related gene protein, MR1 [44]*. MAIT cells play a role in maintenance 
of the gut integrity and they have been found in lower numbers in 
recent-onset T1D patients compared to controls and in NOD mice 
compared to B6 mice [36]. NODMR1-/- mice are incapable of producing 
MAIT cells and have increased FD4 intestinal permeability in addition to 
accelerated diabetes onset [36]. NODTrac-/- lack the T cell receptor alpha 
chain constant and when injected with diabetogenic T cells (BDC2.5 T 
cells), autoimmune diabetes is induced. In this model, an increased FD4 
permeability was observed together with the rise in T1D incidence [37] 
(Table 2). Higher proportions of the BDC2.5 T cells were found in ileum 
than in mesenteric lymph nodes (MLN) and PLN. The cells also produced 
local inflammatory cytokines strengthening a causality between the 
mucosal immune response and T1D development. 

In yet another study, NOD mice were administered a prebiotic 
xylooligosaccharide (XOS) diet aiming at propagating a beneficial 
microbiota composition [45] (see Section 5.2 for immunomodulatory 
effects). Here, a decrease in FD4 intestinal permeability was observed 
and the diabetes onset was moreover delayed [45]. Treatment with 
fingolimod, a sphingosine-1-phosphate receptor agonist with 
anti-inflammatory properties among others, decreased FD4 perme-
ability and reduced diabetes incidence in NOD mice (Table 2) [46]. 
Similarly, when administering NOD mice a probiotic combination 
termed Immune Regulation and Tolerance 5 (IRT5) that contains 5 
bacteria with autoimmune therapeutic effects, a decrease in FD4 
permeability and reduced diabetes incidence was observed [47] 
(Table 2). 

Interestingly, it seems that interventions or genetic modification 
aimed to accelerate T1D development also increased intestinal perme-
ability and vice versa. Thus, by altering the intestinal permeability it 
may be possible to control the development of T1D at least in rodents. 
Likely, the degree of intestinal permeability determines the extent of 
which environmental antigens can pass the intestine, which again drive 
the mucosal immune system in either a pro- or anti-inflammatory di-
rection, facilitating or preventing diabetes development in rodent 
models of T1D. 

3. Ex vivo permeability 

The ex vivo paracellular permeability can be measured by mounting 
small pieces of intestine in Ussing chambers, where the intact intestinal 
tissue maintains its polarization. With this method, passive permeability 

to ions, also entitled tissue conductance, can be measured besides the 
reciprocal transepithelial electrical resistance (TEER) that estimates 
tissue integrity [48]*. Furthermore, permeability markers (see Section 
2) (Fig. 2) can be added to the apical side of the mounted intestinal piece 
to trace the degree of permeation. This method has the advantage of 
examining conditions in specific intestinal segments of interest 
separately. 

3.1. Animal models 

No difference was observed in ex vivo FD4 permeability in the 
jejunum of NOD vs NOR mice or in diabetic NOD vs age-matched non- 
diabetic NOD mice [49] (Table 3). Ex vivo MA is a measure of para-
cellular permeability not to be confused with its in vivo transcellular 
properties. Decreased MA permeability was observed in ileum of BBDP 
vs Wistar rats [32]. 

Watts et al. examined jejunum, ileum and colon TEER differences in 
Biobreeding rats [42]. A decrease in ileum, an age-related decrease in 
jejunum but no differences in colon was observed in BBDP compared to 
BBDR rats (Table 3). Compromised ileal integrity (decreased TEER) in 
BBDP compared to BBDR rats was further supported by a study from 
Visser et al. [41]. The ion permeability (tissue conductance) was 
increased in jejunum of NOD mice vs NOR mice but not in diabetic NOD 
mice vs age-matched controls [49] (Table 3). 

The ex vivo assessment of permeability and integrity in T1D appears 
to be more varying than the aforementioned physiological measure-
ments (see Section 2). One reason for this is most likely the usage of 
different methods. Thus, the permeability to sugars is not directly 
comparable to ion conductance because of the obvious size differences 
of sugars and ions. Furthermore, different intestinal segments were used 
in the few studies. As with the physiological permeability measure-
ments, it seems that ex vivo permeability depends on the age of the ro-
dent and also the investigated intestinal segment. The ex vivo 
permeability results from animal models of T1D are presently too vari-
able to clearly state that the intestinal permeability is increased or that 
the intestinal integrity is disrupted, but several studies point in that 
direction. 

3.2. Animal models - genetic modifications and interventions 

Short-chain fatty acids (SCFAs) are produced by bacterial fermen-
tation of non-digestible fibers in the colon. The majority of SCFAs are 
constituted by acetate, butyrate, formate and propionate, which have a 
number of physiological properties, exemplified by butyrate that has the 
ability to regulate tight junction proteins [50]* (see Section 5.2 for 
immunomodulatory effects of SCFA-promoting diets). Supplementation 

Table 3 
Ex vivo permeability in animal models. The table depicts whether paracellular (para) permeability (perm) was changed (↑ increased, ↔ unchanged, ↓ decreased), 
which method was used to identify the change (↑ significantly increased, ↔ unchanged, ↓ significantly decreased), what organism was used and which groups that were 
compared and at what age. “Tissue” refers to where the permeability outcome was examined. BBDP=Biobreeding Diabetes-Prone, BBDR=Biobreeding Diabetes- 
Resistant, FD4 = fluorescein isothiocyanate (FITC)-dextran 4000, MA = mannitol, NOD=Non-Obese Diabetic, NOR=Non-Obese Diabetes-Resistant, TEER = trans-
epithelial electrical resistance.   

Permeability method Organism Group comparison (age) Tissue Ref. 

Para perm ↑ ↑ Tissue conductance Mouse (ex vivo) NOD vs NOR (7–10 weeks) Jejunum [49] 
↓ TEER Rat (ex vivo) BBDP vs BBDR (50 days) Jejunum, ileum [42] 

BBDP vs BBDR (75 days) Ileum [42] 
BBDP vs BBDR (65 days) Ileum [41] 

↔ ↔ FD4 Mouse (ex vivo) NOD vs NOR (7–10 weeks) Jejunum [49] 
Diabetic NOD vs age-matched control NOD Jejunum [49] 

↔ Tissue conductance Mouse (ex vivo) Diabetic NOD vs age-matched control NOD Jejunum [49] 
↔ TEER Rat (ex vivo) BBDP vs BBDR (20, 50, 75 days) Colon [42] 

BBDP vs BBDR (20 days) Jejunum, Ileum [42] 
BBDP vs BBDR (75 days) Jejunum [42] 

↓ ↓ MA Rat (ex vivo) BBDP vs Wistar rats (80 days) Ileum [32]  
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with butyrate did not affect neither diabetes incidence nor ex vivo par-
acellular permeability of MA and PEG-4000 in ileal tissue from BBDP 
rats [51] (Table 4). 

TEER was increased in the ileum of BBDP rats treated with FZI/ 
0 [42] and on HC diet [41], suggesting an improved ileal integrity. Both 
interventions also decreased the diabetes incidence. 

The transgenic NOD-DQ8 mouse, which has the human HLA-DQ8 
background instead of its MHC-II background, does not spontaneously 
develop autoimmune diabetes as the normal NOD mouse does. When 
sensitizing the NOD-DQ8 mice with gluten-derived gliadin, the tissue 
conductance increased in jejunum, suggesting an increased ion perme-
ability, even though the insulitis score did not change as expected [52] 
(Table 4). In the butyrate-fed BBDP rats, ileal tissue conductance was not 
changed but colonic tissue conductance was decreased [51], which 
would be expected since butyrate mainly exerts its effect in the colon. 
Glucagon-like peptide (GLP)-2 affects both paracellular and trans-
cellular intestinal permeability, enhancing the barrier function [53]*. A 
decrease in jejunal tissue conductance was seen in NOD mice treated 
with GLP-2, although diabetes incidence was not altered [49] (Table 4). 

The few articles that investigate the ex vivo permeability in geneti-
cally modified animals or in intervention studies show that it is possible 
to alter the permeability to ions. Still, tissue conductance was altered in 
models where interventions did not have any effect on diabetes inci-
dence, suggesting that changing the permeability of ions is not sufficient 
to alter T1D development. 

4. Zonulin 

Zonulin is a widely used marker for small intestinal paracellular 
permeability. The protein disrupts tight junctions by activating a 
multistep phosphorylation pathway that leads to polymerization and 
rearrangement of actin filaments and displacement of the scaffolding 
protein zonula occludens (ZO)-1 (see Section 5) (Fig. 3) [54,55]*. Some 

environmental factors, such as bacteria and gluten, can stimulate the 
intestinal zonulin release [56,57]*. In this context, serum zonulin levels 
was found to correlate with enterovirus density in the small intestinal 
mucosa of patients with concomitant celiac disease and T1D [58]*. This 
implies that zonulin could also be involved in the pathogenesis of T1D as 
a mediator of increased paracellular permeability. Recent studies have 
questioned the use of commercially available zonulin ELISA kits due to 
uncertainties of whether these kits actually detect zonulin [59,60]* and 
care must therefore be taken to choose the right methodology for the 
measurement of zonulin levels. 

4.1. Humans and animal models 

Serum zonulin levels were increased in T1D patients [8,15] but not in 
IA-positive individuals vs controls [61] (Table 5). Also, BBDP rats had 
higher zonulin levels in both serum and lumen of the small intestine 
compared to BBDR rats [42]. Furthermore, BBDP rats at diabetes-onset 
showed higher levels of zonulin in serum and lumen of the small in-
testine than non-diabetic BBDP rats of 80–85 days of age. Joesten et al. 
examined the spatial variation of zonulin levels in the intestine of NOD 
mice [62]. Interestingly, the study demonstrated that NOD mice with 
early or late-onset autoimmune diabetes had higher levels of zonulin 
compared to NOR mice in all investigated intestinal segments [62]. Also, 
early and late-onset autoimmune diabetes NOD mice had higher zonulin 
levels in the small intestinal segments than their diabetes-free litter-
mates [62] (Table 5). 

The level of zonulin seems to be increased in both serum of T1D 
patients and in serum and/or intestinal segments of animal models. 
Furthermore, results from NOD mice and BBDP rats suggests that zon-
ulin levels in the small intestine is higher in diabetic than in non-diabetic 
animals [42,62], which corresponds well with the FD4 observations in 
Table 1. 

Table 4 
Ex vivo permeability in animal models - genetic modifications and interventions. The table depicts whether paracellular (para) permeability (perm) was changed 
(↑ increased, ↔ unchanged, ↓ decreased), which method was used to identify the change (↑ significantly increased, ↔ unchanged, ↓ significantly decreased), what 
organism was used and which groups that were compared and at what age. The “intervention” column denotes which treatment the animals were subjected to. 
“Incidence effect” is the observed effect of the intervention on diabetes incidence either in numbers, if available or the effect on insulitis score. “Tissue” refers to where 
the permeability outcome was examined. BBDP=Biobreeding Diabetes-Prone, GLP-2 = glucagon-like peptide 2, HC = hydrolyzed casein, MA = mannitol, NOD=Non- 
Obese Diabetic, PEG-4000 = polyethylene glycol 4000, TEER = transepithelial electrical resistance.   

Method Organism Group comparison (age) Intervention Incidence effect Tissue Ref. 

Para perm ↑ ↑ Tissue conductance Mouse (ex vivo) NOD-DQ8 (8–10 weeks) Gliadin sensitization No change in insulitis score Jejunum [52] 

↔ ↔ MA Rat (ex vivo) BBDP (66–80 days) Butyrate No change Ileum [51] 
↔ PEG-4000 Rat (ex vivo) BBDP (66–80 days) Butyrate No change Ileum [51] 
↔ Tissue conductance Rat (ex vivo) BBDP (66–80 days) Butyrate No change Ileum [51] 

↓ ↓ Tissue conductance Rat (ex vivo) BBDP (66–80 days) Butyrate No change Colon [51] 
Mouse (ex vivo) NOD (8 weeks and 14 weeks) GLP-2 analog No change Jejunum [49] 

↑ TEER Rat (ex vivo) BBDP (diabetes onset or 80–85 days) FZI/0 80%–27% Ileum [42] 
BBDP (65 days) HC diet ~95%–~55% Ileum [41]  

Table 5 
Zonulin in humans and animal models. The table depicts whether paracellular (para) permeability (perm) was changed (↑ increased, ↔ unchanged), which method 
was used to identify the change (↑ significantly increased, ↔ unchanged), what organism was used and which groups that were compared and at what age. “Tissue” 
refers to where the permeability outcome was examined. BBDP=Biobreeding Diabetes-Prone, BBDR=Biobreeding Diabetes-Resistant, IA = islet autoantibodies, 
NOD=Non-Obese Diabetic, NOR=Non-Obese Diabetes-Resistant, T1D = Type 1 Diabetes.   

Method Organism Group comparison (age) Tissue Ref. 

Para perm ↑ ↑ Zonulin Human T1D vs relatives and controls Serum [15] 
T1D vs controls Serum [8] 

Rat BBDP vs BBDR (50, 75, 100 days) Serum, intraluminal (small intestine) [42] 
BBDP (diabetes onset) vs BBDP (80–85 days) Serum, intraluminal (small intestine) [42] 

Mouse NOD (early/late diabetes onset) vs NOR Duodenum, jejunum, ileum, colon [62] 
NOD (early/late diabetes onset) vs NOD (no diabetes onset) Duodenum, jejunum, ileum [62] 

↔ ↔ Zonulin Human IA-positive vs controls Serum [61]  
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4.2. Animal models - genetic modifications and interventions 

Intraluminal levels of zonulin in the small intestine of BBDP rats was 
unchanged after FZI/0 treatment, despite the lower LA/MA ratio that 
was observed [42] (Table 6). This suggests that the FZI/0 treatment is 
efficient in hindering the zonulin-mediated disruption of the tight 
junctions via the zonulin receptor making it a candidate for treating 
increased intestinal permeability in pre-T1D individuals. Currently, 
Larazotide, the drug name of the zonulin receptor antagonist, is being 
tested in a phase III trial for alleviating persistent symptoms in celiac 
disease patients by hindering zonulin-derived increased paracellular 
permeability [63]*. 

Neutrophil extracellular traps (NETs), the neutrophilic response to 
pathogens, consists of DNA, histones and enzymes from within the cell. 
The levels of NETs and the circulation of neutrophil serine proteases are 
increased in T1D patients [64]*. Staphylococcal nuclease (SNase) has 
the ability to degrade DNA and with that also NETs [65]*. In this regard, 
intestinal permeability changes in SNase-treated NOD mice was exam-
ined [66]. The mice had an age-dependent decrease in serum zonulin 
levels, while diabetes onset was delayed [66]. Decreased serum zonulin 
levels were also seen in BBDP rats on HC diet [41] whereas serum 
zonulin levels were unchanged in NOD mice fed an XOS diet [45] 
(Table 6). 

Even though the studies are few, it seems, as with the in vivo esti-
mation of FD4 small intestinal permeability, that differences in the level 
of zonulin were age dependent. Furthermore, zonulin was not persis-
tently altered in intervention studies that were able to alter diabetes 
incidence or delay diabetes development. 
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Fig. 3. Simplified illustration of tight junction (or related) protein 
markers used for assessment of molecular permeability. Tight junctions 
between enterocytes are situated at the apical junctional complex in conjunc-
tion with adherens junctions and are tightly linked to the perijunctional acto-
myosin ring. Tight junctions form a semipermeable barrier restricting and 
regulating the paracellular permeability besides being a crucial structure for 
maintaining cell polarity. Tight junctions are a network of transmembrane 
proteins (occludin and claudins) mediating cell-cell adhesion that interacts with 
scaffolding proteins (zonula occludens (ZO)), which in turn connects the 
junction with the perijunctional actomyosin ring. Cldn = Claudin, Myo-IXB =
myosin-IXB, pMLC-2 = Phosphorylated myosin light chain-2, ZO = zon-
ula occludens. 
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5. Molecular permeability 

Tight junctions are the gate keepers of paracellular permeability, 
determining the rate and size of macromolecules passing the intestinal 
barrier. Determining the mRNA and/or protein levels of different tight 
junction (or related) proteins is commonly used to evaluate the para-
cellular permeability at the molecular level. Fig. 3 depicts the proteins 
used as molecular markers of permeability in the articles included in this 
review and what association they have to the tight junction complex. 

5.1. Humans and animal models 

ZO proteins (ZO-1, ZO-2 and ZO-3) are scaffolding proteins ensuring 
linkage between the tight junctions and the cytoskeleton (Fig. 3). ZO-1 
mRNA was decreased in the colon of female vs male NOD mice [67] 
(Table 7), which is interesting since the diabetes incidence in female 
NOD mice is higher than in male NOD mice (Fig. 1). The same was seen 
in ileal epithelium at diabetes-onset in NOD mice compared to younger 
NOD mice [37]. No difference in ZO-1 mRNA was observed in the small 
intestine of T1D patients compared to controls [15] nor in the colon of 
NOD mice compared to BALB/c and B6 mice [35,67]. 

Claudins (Cldn) are a large group of transmembrane proteins that 
either seal or form leaky pores in the paracellular gap between e.g. 
enterocytes (Fig. 3). The mRNA levels of the sealing Cldn1 were un-
changed in the small intestine of T1D patients [15]. The Cldn1 protein 
levels were decreased in BBDP rats compared to BBDR and Wistar rats 
[32] and mRNA levels were decreased in BBDP rats compared to BBDR 
rats [41]. No change in Cldn1 mRNA levels were evident in the colon of 
NOD mice compared to BALB/c mice or between gender [35,67]. 
Moreover, no difference was found in the mRNA expression of the 
pore-forming Cldn2 in the small intestine of T1D patients vs controls 
[15]. In ileal epithelium, mRNA levels of the sealing Cldn4 were 
decreased in NOD mice at diabetes onset compared to younger NOD 
mice [37]. 

Occludin (Ocln) is a transmembrane protein that ensures occlusion 
between the paracellular gap of the enterocytes (Fig. 3). Even though 
Ocln is not crucial for tight junction assembly [68]*, it is still able to 
occlude the paracellular flux of larger molecules when present [69]*. 
Ocln mRNA levels were found to be unchanged in the small intestine of 
T1D patients vs controls [15], in the colon of NOD mice vs BALB/c and 
B6 mice [67] and also at the protein level in the small intestine of BBDP 

vs BBDR and Wistar rats [32]. Ocln mRNA levels were decreased in 
colon of female vs male NOD mice [67] and in ileal epithelium of NOD 
mice at diabetes onset compared to younger NOD mice [37]. 

Myosin (Myo)-IXB is a motor protein with the ability to move on 
actin, as well as functioning as a Rho GTPase-activating protein (GAP) 
recruited to sites with actin polymerization [70]*. Myo-IXB knock-down 
in a Caco-2 BBe intestinal epithelial cell model resulted in a severely 
disrupted ZO-1 protein localization and increased permeability [71]*. It 
suggests the need for Myo-IXB in proximity to the tight junction (Fig. 3). 
Myo-IXB mRNA levels were unchanged in the small intestine of T1D 
patients vs controls [15] (Table 7). 

Measurements of the different tight junction proteins is common in 
the evaluation of intestinal permeability, but results can be difficult to 
interpret because research groups use different panels of permeability 
markers. Only one study examined tight junction protein expression in 
T1D patients and found no alterations in mRNA levels of ZO-1, Cldn1, 
Cldn2, Ocln and Myo-IXB in the small intestine [15]. Results from ani-
mal models are hard to synthesize, especially because the intestinal 
segments and ages vary, which was also seen in ex vivo permeability 
measurements (see Section 3). Still, Rouland et al. observed decreased 
levels of several tight junction protein at diabetes onset [37] in 
compliance with FD4 (Table 1) and zonulin (Table 5) results strength-
ening the hypothesis that intestinal permeability is increased at 
diabetes-onset. 

5.2. Animal models - genetic modifications and interventions 

In the group of scaffolding ZO proteins, no difference was reported 
for ZO-1 mRNA expression in the ileum of NOD mice subjected to HFD in 
utero [43] (Table 8). This study did not register any difference in ileal 
expression of ZO-2 and ZO-3 mRNA either. XOS diet did not change the 
ZO-1 mRNA expression in ileum or colon of NOD mice [45]. Decreased 
mRNA levels of ZO-1 in ileal epithelium was observed in NODTrac-/- mice 
injected with BDC2.5 T cells, which also induced diabetes [37]. No 
change was found in the colonic protein levels of ZO-2 in long chain 
inulin-type fructans (ITF(l))-supplemented NOD mice, despite a 
decreased diabetes incidence [72]. On the other hand, IRT5 treatment in 
NOD mice resulted in increased ZO-1 mRNA levels in the small intestine 
[47]. Fingolimod treatment resulted in increased protein levels of both 
ZO-1 and ZO-2 in the colon of NOD mice [46] and NOD mice on 
low-methoxyl pectin (LMP) diet had increased mRNA levels of ZO-2 in 

Table 7 
Molecular permeability in humans and animal models. The table depicts whether paracellular (para) permeability (perm) was changed (↑ increased, ↔ un-
changed), which method was used to identify the change (↔ unchanged, ↓ significantly decreased), what organism was used and which groups that were compared and 
at what age. “Tissue” refers to where the permeability outcome was examined at mRNA or protein level. B6=C57BL/6, BBDP=Biobreeding Diabetes-Prone, 
BBDR=Biobreeding Diabetes-Resistant, Cldn = claudin, Myo-IXB = myosin-IXB, NOD=Non-Obese Diabetic, Ocln = occludin, T1D = Type 1 Diabetes, ZO = zonula 
occludens.   

Method Organism Group comparison (age) Tissue Ref. 

Para perm ↑ ↓ ZO-1 Mouse NOD female vs NOD male (5 weeks) Colon (mRNA) [67] 
NOD at diabetes onset vs NOD (8–10 weeks) Ileal epithelium (mRNA) [37] 

↓ Cldn1 Rat BBDP vs BBDR and Wistar (34, 41 days) Small intestine (protein) [32] 
BBDP vs BBDR (51–70 days) Ileum (mRNA) [41] 

↓ Cldn4 Mouse NOD at diabetes onset vs NOD (8–10 weeks) Ileal epithelium (mRNA) [37] 
↓ Ocln Mouse NOD female vs NOD male (5 weeks) Colon (mRNA) [67] 

NOD at diabetes onset vs NOD (8–10 weeks) Ileal epithelium (mRNA) [37] 

↔ ↔ ZO-1 Human T1D vs controls Small intestine (mRNA) [15] 
Mouse NOD vs BALB/c (4 weeks) Colon (mRNA) [35] 

NOD vs BALB/c and B6 (5 weeks) Colon (mRNA) [67] 
↔ Cldn1 Human T1D vs controls Small intestine (mRNA) [15] 

Rat BBDP vs BBDR (21–50 days) Ileum (mRNA) [41] 
Mouse NOD vs BALB/c (4 weeks) Colon (mRNA) [35] 

NOD female vs NOD male (5 weeks) Colon (mRNA) [67] 
↔ Cldn2 Human T1D vs controls Small intestine (mRNA) [15] 
↔ Ocln Human T1D vs controls Small intestine (mRNA) [15] 

Rat BBDP vs BBDR and Wistar (34, 41 days) Small intestine (protein) [32] 
Mouse NOD vs BALB/c and B6 (5 weeks) Colon (mRNA) [67] 

↔ Myo-IXB Human T1D vs controls Small intestine (mRNA) [15]  
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Table 8 
Molecular permeability in animal models - genetic modifications and interventions. The table depicts whether paracellular (para) permeability (perm) was 
changed (↑ increased, ↔ unchanged, ↓ decreased), which method was used to identify the change (↑ significantly increased, ↔ unchanged, ↓ significantly decreased), 
what organism was used and which groups that were compared and at what age. The “intervention” column denotes which treatment the animals were subjected to. 
“Incidence effect” is the observed effect of the intervention on diabetes incidence either in numbers, if available, as delayed diabetes onset or as accelerated diabetes 
onset (“-“ marks if none of these diabetes endpoints were evaluated). “Tissue” refers to where the permeability outcome was examined at mRNA or protein level. ABX 
= broad-spectrum antibiotics, BBDP=Biobreeding Diabetes-Prone, BBDR=Biobreeding Diabetes-Resistant, Cldn = claudin, HC = hydrolyzed casein, HFD = high fat 
diet, IRT5 = Immune Regulation and Tolerance 5, ITF(l) = long chain inulin-type fructans, LMP = low-methoxyl pectin, Myo-IXB = myosin-IXB, NOD=Non-Obese 
Diabetic, Ocln = occludin, p-MLC2 = phosphorylated myosin light chain 2, XOS = xylooligosaccharide, ZO = zonula occludens.   

Method Organism Group comparison (age) Intervention Incidence 
effect 

Tissue Ref. 

Para 
perm 

↑ ↓ ZO-1 Mouse NODTrac-/- (8–10 weeks) BDC2.5 T cells 0%–~70% Ileal epithelium 
(mRNA) 

[37] 

↓ ZO-2 Mouse NOD (11 weeks) ABX No change Cecum (protein) [74] 
↓ Cldn1 Mouse NOD (11 weeks) ABX No change Cecum (protein) [74] 
↑ Cldn2 Mouse HFD in utero - vs control (16 weeks) HFD (in utero) – Ileum (protein) [43] 

NOD (24 weeks) ITF(l) 40%–10% Colon (protein) [72] 
↓ Ocln Mouse NODMR1-/- vs NODMR1+/- (15 weeks) – Accelerate Ileum epithelium 

(mRNA) 
[36] 

↑ p-MLC2 Mouse HFD in utero - vs control (16 weeks) HFD (in utero) – Ileum (protein) [43] 

↔ ↔ ZO-1 Mouse NOD (13 weeks) XOS Delayed Ileum, colon (mRNA) [45] 
HFD in utero - vs control NOD (16 weeks) HFD (in utero) – Ileum (mRNA) [43] 

↔ ZO-2 Mouse HFD in utero - vs control NOD (16 weeks) HFD (in utero) – Ileum (mRNA) [43] 
NOD (24 weeks) ITF(l) 40%–10% Colon (protein) [72] 

↔ ZO-3 Mouse HFD in utero - vs control NOD (16 weeks) HFD (in utero) – Ileum (mRNA) [43] 
↔ Cldn1 Rat BBDP diabetic (73–100 days) vs BBDP non-diabetic 

(140 days) 
HC diet ~95%–~55% Ileum (mRNA) [41] 

Mouse NOD (22 weeks) LMP diet ~70%–~38% Colon (protein) [73] 
NOD (16 weeks) IRT5 ~80%–~45% Small intestine 

(mRNA) 
[47] 

↔ Cldn2 Rat BBDP (HC diet) and BBDR vs BBDP (21–50 days) HC diet ~95%–~55% Ileum (mRNA) [41] 
BBDP (70–150 days) Amino acid mix Delayed Ileum (mRNA) [40] 
BBDP (70–150 days) HC diet (Pancase S) ~85%–~60% Ileum (mRNA) [40] 
BBDP (70–150 days) HC diet 

(Nutramigen) 
~85%–~45% Ileum (mRNA) [40] 

Mouse HFD in utero - vs control NOD (16 weeks) HFD (in utero) – Ileum (mRNA) [43] 
↔ Cldn4 Mouse NODMR1-/- vs NODMR1+/- (15 weeks) – Accelerate Ileum epithelium 

(mRNA) 
[36] 

NODTrac-/- (8–10 weeks) BDC2.5 T cells 0%–~70% Ileal epithelium 
(mRNA) 

[37] 

↔ Ocln Rat BBDP (HC diet) and BBDR vs BBDP (21–50 days) HC diet ~95%–~55% Ileum (mRNA) [41] 
BBDP (HC diet) and BBDR vs BBDP (51–70 days) HC diet ~95%–~55% Ileum (mRNA) [41] 
BBDP (70–150 days) Amino acid mix Delayed Ileum (mRNA) [40] 
BBDP (70–150 days) HC diet (Pancase S) ~85%–~60% Ileum (mRNA) [40] 
BBDP (70–150 days) HC diet 

(nutramigen) 
~85%–~45% Ileum (mRNA) [40] 

Mouse NOD (13 weeks) XOS diet Delayed Ileum, colon (mRNA) [45] 
NOD (22 weeks) LMP diet ~70%–~38% Cecum, colon (protein) [73] 
NOD (15 weeks) Acetate-yielding 

diet 
~65%–~30% Colon (mRNA) [67] 

NOD (16 weeks) IRT5 ~80%–~45% Small intestine 
(mRNA) 

[47] 

NODTrac-/- (8–10 weeks) BDC2.5 T cells 0%–~70% Ileal epithelium 
(mRNA) 

[37] 

↔ Myo- 
IXB 

Rat BBDP (21–50 days) HC diet ~95%–~55% Ileum (mRNA) [41] 
BBDP (70–150 days) Amino acid mix Delayed Ileum (mRNA) [40] 
BBDP (70–150 days) HC diet (Pancase S) ~85%–~60% Ileum (mRNA) [40] 
BBDP (70–150 days) HC diet 

(nutramigen) 
~85%–~45% Ileum (mRNA) [40] 

↔ CK2 Mouse HFD in utero - vs control NOD (16 weeks) HFD (in utero) – Ileum (protein) [43] 

↓ ↑ ZO-1 Mouse NOD (16 weeks) IRT5 ~80%–~45% Small intestine 
(mRNA) 

[47] 

NOD (12 weeks) Fingolimod ~58%–25% Colon (protein) [46] 
↑ ZO-2 Mouse NOD (22 weeks) LMP diet ~70%–~38% Cecum (mRNA) [73] 

NOD (11 weeks) LMP diet ~90%–~50% Cecum (mRNA) [74] 
NOD (12 weeks) Fingolimod ~58%–25% Colon (protein) [46] 

↑ Cldn1 Rat BBDP (21–50 days) HC diet ~95%–~55% Ileum (mRNA) [41] 
BBDP (51–70 days) HC diet ~95%–~55% Ileum (mRNA) [41] 
BBDP (70–150 days) Amino acid mix Delayed Ileum (mRNA) [40] 
BBDP (70–150 days) HC diet (pancase S) ~85%–~60% Ileum (mRNA) [40] 
BBDP (70–150 days) HC diet 

(nutramigen) 
~85%–~45% Ileum (mRNA) [40] 

Mouse NOD (22 weeks) LMP diet ~70%–~38% Cecum (mRNA, 
protein) 

[73] 

NOD (11 weeks) LMP diet ~90%–~50% Cecum (protein) [74] 
↓ Cldn2 Rat BBDP (HC diet) and BBDR vs BBDP (51–70 days) HC diet ~95%–~55% Ileum (mRNA) [41] 

(continued on next page) 
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cecum [73,74]. All of these interventions resulted in decreased inci-
dence levels. Aberration of the microbiota in NOD mice by treatment 
with broad-spectrum antibiotics (ABX) resulted in decreased protein 
levels of ZO-2 in cecum but did not change diabetes incidence [74] 
(Table 8). 

ABX treatment of NOD mice resulted in a decrease of the sealing 
Cldn1 protein in cecum [74] (Table 8). Ileal mRNA levels of Cldn1 was 
unchanged in diabetic vs non-diabetic BBDP rats on HC diet [41] and 
also NOD mice on LMP diet showed unchanged colonic protein levels of 
Cldn1 [73]. Unchanged Cldn1 mRNA levels were also observed in the 
small intestine of IRT5-treated NOD mice [47]. On the other hand, 
feeding the HC diets or the amino acid mixture diet to BBDP rats, 
resulted in increased mRNA levels of ileal Cldn1 at different ages along 
with decreased diabetes incidence or delayed diabetes onset [40,41] 
(Table 8). NOD mice on LMP diet had increased mRNA and/or protein 
levels of Cldn1 in cecum [73,74]. Finally, Cldn1 protein levels in cecum 
was decreased in NOD mice administered ABX [74]. The pore-forming 
Cldn2 protein levels were increased in the ileum of NOD mice sub-
jected to HFD in utero [43] and also in colon of NOD mice fed an ITF(l) 
diet [72] (Table 8). On the contrary, Cldn2 mRNA levels in ileum was 
unchanged in BBDP rats on different HC diets at several ages [40,41] and 
in NOD mice subjected to HFD in utero [43]. BBDP rats on HC diet, 
however, had ileal mRNA levels of Cldn2 comparable to BBDR rats and 
lower than BBDP rats on normal chow [41]. mRNA levels of the sealing 
Cldn4 in ileal epithelium was also examined and found to be unchanged 
in NODMR1-/- mice [36] and in BDC2.5 T cell-treated NODTrac-/- mice 
[37] (Table 8). 

Ocln mRNA levels in the ileal epithelium of NODMR1-/- mice were 
decreased [36]. The HC and amino acid mix diets did not affect Ocln 
mRNA levels in ileum of BBDP rats at different ages [40,41]. Ocln mRNA 
levels in ileal epithelium of BDC2.5 T cell-treated NODTrac-/- mice were 
also unchanged [37]. In NOD mice, the same was evident for colonic 
Ocln mRNA levels when fed an acetate-yielding diet [67], in ileum and 
colon when fed an XOS diet [45] and in the small intestine when treated 
with IRT5 [47]. Protein levels of Ocln in cecum and colon was also 
unchanged in NOD mice on LMP diet [73]. Ocln mRNA levels were 
increased in the colon of NOD mice fed a butyrate-yielding diet, which 
also decreased the diabetes incidence [67]. Similar was observed for 
Ocln protein levels of NOD mice administered LTF(l) diet [72] or treated 

with fingolimod [46] (Table 8). 
In BBDP rats on HC diet, the mRNA levels of Myo-IXB in ileum were 

lowered in an age-dependent manner [41]. On the other hand, unaltered 
levels of Myo-IXB in ileum was observed on different HC diets and on 
amino acid mix diet [40,41] (Table 8). 

Phosphorylation of myosin light chain (MLC)-2 causes contraction of 
the perijunctional actomyosin ring in proximity to the tight junction 
complex, resulting in opening of the junction [75]* (Fig. 3). The protein 
levels of p-MLC-2 were found increased in ileum of NOD mice subjected 
to HFD in utero [43]. In the same study, the protein level of casein kinase 
(CK)-2 was examined. The CK2 activity is important for normal intes-
tinal epithelial cell homeostasis [76]* but protein levels of CK2 was 
found unchanged in ileum of NOD mice subjected to HFD in utero [43] 
(Table 8). 

As stated earlier, the SCFA butyrate can improve the intestinal bar-
rier function by modulating tight junction proteins (Section 3.2). 
Therefore, measuring these proteins in experiments that are aiming at 
changing the microbiota homeostasis through SCFA production is 
reasonable. Besides the effects seen on permeability, both fiber-diets 
(XOS, LMP, butyrate- and acetate-yielding diet, ITF(l)) and 
microbiota-modulating treatments (Fingolimod, IRT5) had immuno-
modulatory and anti-diabetogenic effects. Increased levels of Tregs 
where observed in both MLN [45,46,73], PLN [46,47,67,73], pancreas 
[72–74] and different intestinal tissue segments [47,72,74]. Subse-
quently, increased levels of the anti-inflammatory cytokines, IL-10 [67, 
72] and TGF-β [73] and decreased levels of the pro-inflammatory me-
diators IL-17 [72], IL-1β [46,72–74], TNF-α [73] and IL-6 [73] were 
observed. Thus, microbiota composition, SCFA levels and intestinal 
permeability are intertwined with the immune response that leads to 
T1D but the causality remains to be determined. Since the microbiota is 
most abundant in the colon (thereafter Ileum) [77]*, measuring 
permeability marker levels specifically in the colon is a clever way to 
estimate alterations in permeability caused by fiber fermentation and 
SCFA production. However, there is a need for an in vivo method for 
estimating the colonic permeability, as the oral FD4 permeability 
method (see Section 2.) only estimates small intestinal permeability. 

As seen in this section, measuring the levels of different tight junction 
(or related) proteins is quite common in rodent T1D intervention 
studies. Table 8 demonstrates that the expression (mRNA or protein) of 

Table 8 (continued )  

Method Organism Group comparison (age) Intervention Incidence 
effect 

Tissue Ref. 

↑ Ocln Mouse NOD (15 weeks) Butyrate-yielding 
diet 

~65%–~40% Colon (mRNA) [67] 

NOD (24 weeks) ITF(l) 40%–10% Colon (protein) [72] 
NOD (12 weeks) Fingolimod ~58%–25% Colon (protein) [46] 

↓ Myo-IXB Rat BBDR and BBDP (HC diet) vs BBDP (51–70 days) HC diet ~95%–~55% Ileum (mRNA) [41]  

Table 9 
Blood markers in humans and animal models. The table depicts whether the barrier function was changed (↑ worsened, ↔ unchanged), which method was used to 
identify the change (↑ significantly increased, ↔ unchanged), what organism was used and which groups that were compared and at what age. “Tissue” refers to where 
the permeability outcome was examined. B6=C57BL/6, CCK-18 = cytokeratin 18 caspase-cleaved fragment, I-FABP = intestinal fatty-acid binding protein, LPS =
lipopolysaccharide, NOD=Non-Obese Diabetic, T1D = Type 1 Diabetes.   

Method Organism Group comparison (age) Tissue Ref. 

Barrier function ↑ ↑ I-FABP Human T1D vs controls Serum (protein) [78] 
T1D vs controls Plasma (protein) [79] 

↑ LPS Human T1D vs controls Serum [8] 
Mouse NOD vs B6 (5 weeks) Plasma [81] 

↑ Peptidoglycan Human T1D vs controls Plasma [79] 
↑ cCK-18 Human T1D vs controls Serum (protein) [78] 
↑ 16s DNA Mouse NOD at diabetes onset vs NOD (9–11 weeks) and B6 (age-matched) Liver [37] 

↔ ↔ LPS Mouse NOD vs B6 (3 weeks) Plasma [81] 
↔ 16s DNA Mouse NOD (9–11 weeks) vs NOD (6 weeks) Liver [37]  
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tight junction (or related) proteins are often unchanged despite in-
terventions that reduce the diabetes incidence. Yet, when the expression 
of a tight junction protein is altered, there is typically consistency be-
tween the effect seen on the diabetes incidence and the change in 
expression. It suggests that these measurements have biological rele-
vance. Accordingly, molecular permeability assessment of individual 
proteins should be supplemented with functional studies. 

6. Blood markers 

The intestinal barrier function is sometimes assessed by measuring 
blood markers of intestinal damage or bacterial translocation. Elevated 
levels can indicate both increased paracellular permeability but also a 
profound damage to the intestine allowing bacterial components to 
enter the bloodstream. 

6.1. Humans and animal models 

T1D patients have increased serum/plasma levels of the intestinal 
fatty-acid binding protein (I-FABP), which is an indicator of enterocyte 
damage [78–80*] (Table 9). Additionally, the epithelial apoptosis 
marker, cytokeratin 18 caspase-cleaved fragment (cCK-18), was 
increased in serum from T1D patients [78]. Serum or plasma levels of 
lipopolysaccharide (LPS) and peptidoglycan was also increased in T1D 
patients [8,79] while an age-dependent increase in LPS plasma levels 
was found in NOD mice compared to B6 mice [81]. NOD mice at dia-
betes onset versus NOD mice before onset and age-matched B6 mice had 
higher levels of bacterial DNA (16S rRNA) in the liver [37] (Table 9). 

Despite the few studies, there is consistently observed increased 
levels of several blood markers for intestinal damage or bacterial 
translocation in T1D patients suggesting an aberrant intestinal barrier 
function in T1D patients. This suggest that alterations in transcellular 
permeability in T1D should be further investigated as discussed in 
Section 2.1. Again, it seems that the level of bacterial translocation is 
highest at diabetes onset [37], thus increased permeability at diabetes 
onset has been observed both when using FD4 (Table 1), zonulin 
(Table 5), molecular markers (Table 7) and blood markers (Table 9). 

6.2. Animal models - genetic modifications and interventions 

Serum LPS levels were decreased in SNase-treated NOD mice at 7, 9 
and 11 weeks of age but not at earlier nor later ages [66] (Table 10). LPS 
levels were also decreased in NOD mice on both acetate- and 
butyrate-yielding diets [67] and on LMP diet [73]. Serum LPS levels 
were unchanged in NOD mice on HFD [43]. Presence of bacterial DNA 
(16s rRNA) were decreased in MLN of NOD mice on XOS diet [45] while 
increased in PLN of NODMR1-/- mice [36] (Table 10). 

From these intervention studies it becomes clear that the level of 

bacterial translocation is alterable. Accordingly, interventions that 
decreased the diabetes incidence or delayed diabetes onset also 
decreased bacterial translocation and vice versa [36,45,66,67,73]. 
Again, there seems to be specific ages were these alterations are most 
prominent in NOD mice. 

7. Conclusion 

This review shows that paracellular permeability of especially the 
small intestine is increased in both T1D patients and animal models of 
T1D at both the pre-diabetic and diabetic stage. In vivo tests are 
considered the gold standard for evaluation of small intestinal perme-
ability while ex vivo permeability, zonulin and blood markers appears to 
be good supplements. Molecular markers, on the other hand, are diffi-
cult to interpret and should not stand alone when evaluating intestinal 
permeability. In animal models, the intestinal permeability varies 
considerably with age but is also modifiable, as different interventions 
can alter it. Interestingly, interventions that accelerate diabetes devel-
opment or reduce the age of diabetes onset typically also increase in-
testinal permeability, while the opposite is observed with interventions 
that decrease diabetes incidence or delay diabetes onset. Furthermore, 
several studies suggest that intestinal permeability is increased at dia-
betes onset in animal models. The link between diabetes development 
and intestinal permeability strongly suggest that increased intestinal 
permeability indeed is a causal factor in T1D. This link should be a focus 
area in the development of a future preventive strategy or cure of T1D. 

Author contributions 

Mia Øgaard Mønsted: conceptualization, methodology, investiga-
tion, writing – original draft, writing – review and editing, visualization. 
Nora Dakini Falck: methodology, investigation, writing – review and 
editing. Kristina Pedersen: writing – review and editing. Karsten 
Buschard: writing – review and editing. Laurits Juulskov Holm: writing – 
review and editing. Martin Haupt-Jorgensen: conceptualization, meth-
odology, writing – review and editing, supervision. 

Fundings 

This work was supported by Kirsten og Freddy Johansens Fond. 

Declaration of competing interest 

The authors declare no competing interests. Figures were created 
with BioRender.com. 

Table 10 
Blood markers in animal models - genetic modifications and interventions. The table depicts whether the barrier function was changed (↑ worsened, ↔ un-
changed, ↓ improved), which method was used to identify the change (↑ significantly increased, ↔ unchanged, ↓ significantly decreased), what organism was used and 
which groups that were compared and at what age. The “intervention” column denotes which treatment the animals were subjected to. “Incidence effect” is the 
observed effect of the intervention on diabetes incidence either in numbers, if available or as delayed diabetes onset (“-“ marks if none of these diabetes endpoints were 
evaluated). “Tissue” refers to where the permeability outcome was examined. HFD = high fat diet, LMP = low-methoxyl pectin, LPS = lipopolysaccharide, MLN =
mesenteric lymph nodes, NOD=Non-Obese Diabetic, PLN = pancreatic lymph node, SNase = Staphylococcal nuclease.   

Method Organism Group comparison (age) Intervention Incidence effect Tissue Ref. 

Barrier function ↑ ↑ 16s DNA Mouse NODMR1-/- vs NODMR1+/- (15 weeks) – Accelerate PLN [36] 

↔ ↔ LPS Mouse NOD (12 weeks) HFD – Serum [43] 
NOD (5, 13, 15, 17, 19 weeks) SNase Delayed Serum [66] 

↓ ↓ LPS Mouse NOD (15 weeks) Acetate-yielding diet ~65%–~30% Serum [67] 
NOD (15 weeks) Butyrate-yielding diet ~65%–~40% Serum [67] 
NOD (22 weeks) LMP diet ~70%–~38% Serum [73] 
NOD (7, 9, 11 weeks) SNase Delayed Serum [66] 

↓ 16s DNA Mouse NOD (7 weeks) XOS diet Delayed MLN [45]  
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