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Abstract
Aims/hypothesis Dietary and microbial factors and the gut
immune system are important in autoimmune diabetes. We
evaluated inflammatory activity in the whole gut in predia-
betic NOD mice using ex vivo imaging of reactive oxygen
and nitrogen species (RONS), and correlated this with the
above-mentioned factors.
Methods NOD mice were fed a normal diet or an anti-
diabetogenic casein hydrolysate (CH) diet. RONS activity
was detected by chemiluminescence imaging of the whole
gut. Proinflammatory and T cell cytokines were studied in
the gut and islets, and dietary effects on gut microbiota and
short-chain fatty acids were determined.
Results Prediabetic NOD mice displayed high RONS activ-
ity in the epithelial cells of the distal small intestine, in
conjunction with a proinflammatory cytokine profile.
RONS production was effectively reduced by the CH diet,
which also controlled (1) the expression of proinflammatory
cytokines and colonisation-dependent RegIIIγ (also known
as Reg3g) in ileum; (2) intestinal T cell activation; and (3)

islet cytokines. The CH diet diminished microbial colonisa-
tion, increased the Bacteroidetes:Firmicutes ratio, and reduced
lactic acid and butyric acid production in the gut.
Conclusions/interpretation Epithelial RONS production
and proinflammatory T cell activation appears in the ileum
of NOD mice after weaning to normal laboratory chow, but
not after weaning to an anti-diabetogenic CH diet. Our data
suggest a link between dietary factors, microbial colonisa-
tion and mucosal immune activation in NOD mice.

Keywords Casein hydrolysate . Dietary intervention .

Guanineandcytosineprofiling .Gut immune system . Invivo
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analysis . Nonobese diabetic (NOD) mouse . Reactive
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Abbreviations
BB Biobreeding
CH Casein hydrolysate
DHE Dihydroethidium
IVIS In vivo imaging system
NF-κB Nuclear factor κB
qPCR Quantitative real-time PCR
RONS Reactive oxygen and nitrogen species
ROS Reactive oxygen species
SFB Segmented filamentous bacteria

Introduction

One of the key environmental influences on the initiation
and development of type 1 diabetes is thought to be micro-
bial and nutritional factors. Epidemiological studies point to
several candidate constituents of early nutrition as potential
diabetes-triggering factors, including wheat proteins [1, 2],
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cow’s milk proteins [3, 4], alimentary roots and berries [5],
and, although disputed, too low intake of vitamin D [6].
Recent investigations into gut microbiota have revealed
qualitative differences in the composition of bacterial spe-
cies between children who develop and those who do not
develop type 1 diabetes [7, 8]. Both nutritional and micro-
bial factors affect the homeostasis of the gastrointestinal
tract and the gut immune system [9]. According to a plau-
sible scenario, the cumulative effects of (1) an imbalanced
microbiota and possible microbial insults to the gut, (2)
intolerance to dietary proteins and (3) increased gut perme-
ability synergistically predispose to an inflammatory ten-
dency in the gut [10]. In a genetically predisposed host, this
could lower the threshold of gut immune responses harmful
to pancreatic islets.

Precisely how and where in the intestine this scenario
promotes immune responses harmful to islets is not
completely understood. Dietary factors are mostly digested
and absorbed in the jejunum, biopsies from which have
shown ultrastructural changes [11] and immunological
markers [12] related to increased permeability and immune
activation. In the biobreeding (BB) rat and the NOD mouse,
diabetes penetrance is influenced by dietary factors [1], with
reported impairment of epithelial barrier function in the
small intestine [13, 14]. On the other hand, NOD mice show
diet-dependent crypt hyperplasia and elevated levels of in-
flammatory cytokines in the large intestine [15]. T cell
differentiation into regulatory or proinflammatory subsets
in the large intestine is regulated by commensal microbiota
[16–18], while the composition of microbiota appears to
regulate autoimmunity in diabetes [7, 19, 20]. Thus, inflam-
mation or defective immunoregulation in varying locations
of the gut may converge through various functional and
anatomical routes [21–23] to lead to autoimmunity in pan-
creatic lymph nodes and the islet environment.

Reactive oxygen and nitrogen species (RONS) are im-
portant in antimicrobial defence through their production in
phagocytic leucocytes [24]. In addition, RONS regulate
intracellular protein tyrosine kinases, which are important
in immune responses [25], and activate cytokine production
via nuclear factor κB (NF-κB) [26]. Using a sensitive
chemiluminescence camera system, RONS can be detected
from the whole animal with a RONS-sensitive probe
(L-012) [27]. In models of experimental arthritis [27], sys-
temic autoimmune disease [28] and bacterial colitis [29],
whole-animal chemiluminescence imaging has been used to
evaluate the level of inflammation in joints and other areas
of anaesthetised mice.

To evaluate spatial and temporal aspects of inflammation
in the gut of prediabetic NOD mice, we used in vivo and ex
vivo imaging for RONS in live NOD mice and whole mouse
intestine, respectively. Our results revealed increased free
radical activity in the distal small intestine of prediabetic

NOD mice, which coincides with local production of
proinflammatory cytokines and Th17-cell activation. These
phenomena appear to depend on a diabetes-promoting diet
and microbial colonisation of the gut, and involve impaired
epithelial barrier function.

Methods

Mice and treatment groups NOD (NOD/ShiLtJ) mice were
originally purchased from Jackson Laboratories (Bar
Harbor, ME, USA), and bred and maintained in the local
animal facility. For initial evaluation of inflammatory phe-
nomena in the gut of NOD mice, we used age-matched
female BALB/c mice as healthy control mice. BALB/c mice
were kept on regular chow (SDS, Witham, UK) if not
otherwise stated, whereas NOD mice were kept either on
regular chow or a casein hydrolysate (CH)-containing dietary
formulation (Nutramigen; Mead Johnson Nutrition, Glenview,
IL, USA), starting at the time of weaning. Blood glucose was
determined by tail vein puncture, with two consecutive read-
ings over 14.3 mmol/l being considered to indicate diabetes.
All experiments were subjected to rules of the National
Board of Animal Experimentation in Finland and performed
under license ESLH-2009-02371/Ym-23. The Principles of
Laboratory Animal Care (http://grants1.nih.gov/grants/olaw/
references/phspol.htm) were followed.

Determination of RONS production with chemilumines-
cence imaging The chemiluminescent probe L-012 (Wako
Chemicals, Richmond, VA, USA) is a luminol derivative,
which emits light when modified by reactive oxygen species
(ROS) or reactive nitrogen species. The L012 probe was
administered intraperitoneally at 50 mg/kg body weight in
saline. For in vivo imaging, mice were anaesthetised with
isoflurane and placed under an in vivo imaging system
(IVIS)-100 (Xenogen, Alameda, CA, USA) camera for im-
aging. Images were taken at 1 to 5 min intervals until
30 min. For quantification of the emitted signal, region of
interest values were recorded for each mouse from the
abdominal area. For ex vivo imaging, mice were killed by
CO2 administration after intraperitoneal injection of L-012,
and the whole gut was dissected and placed on a Petri-dish.
Series of images were taken similarly to in vivo recordings
and the emitted signal quantified using region of interest
values.

Gut permeability measurements To evaluate intestinal bar-
rier integrity, dextran uptake and systemic availability were
assessed. Mice were given an intragastric bolus of 40 kDa
dextran conjugated to FITC (FITC-Dextran 4; Sigma-
Aldrich, St Louis, MO, USA), using a feeding needle.
After 4 h, mice were killed and blood was collected by
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cardiac puncture. Serum samples (70 μl) were placed in
duplicates in flat-bottomed 96-well plates (Immulon;
Thermo Fisher, Waltham, MA, USA) and fluorescence
was measured at 485 nm excitation (VictorPerkin Elmer,
Waltham, MA, USA).

RNA isolation and quantitative real-time PCR Ileum sam-
ples were immersed in RNAlater (Qiagen, Hilden,
Germany) immediately after dissection. Subsequently,
RNA isolation was performed by homogenising samples
with Power Lyser (MoBio, Carlsbad, CA, USA) and using
ultra clean tissue and a cell RNA isolation kit (Power Lyser;
MoBio). cDNA was synthesised with Maxima reverse tran-
scriptase (Fermentas, St Leon-Rot, Germany). Cytokine ex-
pression was assessed by quantitative real-time PCR
(qPCR) with light cycler 480 (Roche, Basel, Switzerland).
Primer sequences are given in electronic supplementary
material (ESM) Table 1. Absolute copy numbers of RNA
(molecules/μg) were calculated by running standards and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as
loading control. Analysis was performed using GraphPad
Prism 5 (GraphPad Software, La Jolla, CA, USA).

Analysis of intestinal microbiota and short-chain fatty
acids Intestinal microbiota composition and fatty acid pro-
files were analysed by Alimetrics (Espoo, Finland). Briefly,
for evaluation of qualitative traits of total microbiota, bac-
terial chromosomal DNA was isolated from pooled caecal
and colonic contents, and total bacterial chromosomal DNA
stratified on the basis of guanine and cytosine (G+C) nucle-
otide content. In per cent G+C profiling, each of the pooled
DNA samples was fractionated by 72 h CsCl equilibrium
density gradient ultracentrifugation (100,000 g), which sep-
arates chromosomes with different G+C. In the following
ultracentrifugation, the formed gradients were pumped
through a flow-through UV absorbance detector set to
280 nm. This allowed PCR-independent profiling of domi-
nant microbiota present in the samples. Subsequently, qPCR
was applied using primer pairs specific to 16S rRNA-
encoding sequences of six different clusters of bacteria: (1)
Clostridial clusters IV and (2) XIVa; (3) Bacteroides spp.;
(4) Bifidobacterium spp.; (5) Lactobacillus spp.; and (6)
Coriobacteriaceae family. For quantification of total eubac-
terial numbers, primers targeting the conserved regions of
16S rRNA gene were applied. The bacterial numbers were
calculated as 16S rRNA gene copy numbers per weight of
content. In addition, the colonisation of segmented filamen-
tous (SFB) bacteria was evaluated from three consecutive
stool samples (ESM Table 2) by PCR after DNA isolation
using a kit (FastDNA Spin kit for Soil; MP Biomedicals,
Santa Ana, CA, USA) and a homogeniser (MagNA Lyzer;
Roche). Short-chain fatty acids were measured by gas chro-
matography using pivalic acid as an internal standard.

Gut histology and determination of epithelial cell RONS
production For conventional histology, pieces of ileum
were fixed in formalin and embedded in paraffin. Sections
were stained with haematoxylin and eosin according to
standard protocols. For detection of myeloperoxidase-
containing cells, 5- to 7-μm cryosections were fixed in
acetone at −20°C and stained using anti-myeloperoxidase
antibody (Ab-1; Thermo Fisher Scientific) and Alexa488-
conjugated donkey-anti-rabbit Ig (Invitrogen, Carlsbad, CA,
USA). Samples were imaged with confocal microscopy
(Leica TCS SP5 Matrix, Wetzlar, Germany). Epithelial cell
RONS production was determined using in vivo staining
with dihydroethidium (DHE; Invitrogen). Briefly, mice were
anaesthetised with ketamine (Pfizer, New York City, NY,
USA) and xylazine (OrionPharma, Espoo, Finland), and
their small intestine was exposed via a small incision in
the abdominal skin and peritoneal cavity. DHE (200 μl at
5 μmol/l in PBS) was injected into the lumen of the ileum
and mice were killed 20 min later. Dissected ileum samples
were snap-frozen, processed for histochemistry, counterstained
with DAPI (Invitrogen) and viewed under a UV microscope
(Olympus, BX51, Berlin, Germany).

Flow cytometry of gut T cells Ileum samples were disrupted
using collagenase (0.5 mg/ml, type VIII; Sigma) digestion
and mechanical disruption to isolate lymphocytes from the
lamina propria and epithelial layer. Mononuclear cells were
further enriched using gradient centrifugation at room tem-
perature for 20 min at 1,200 g with Lympholyte (Cedarlane,
Burlington, ON, Canada) as described by the manufac-
turer. Cells were stained with FITC-conjugated anti-CD4
(Immunotools, Friesoythe, Germany) and phycoerythrin-
conjugated anti-CD69 antibodies (BD Bioscience, Franklin
Lakes, NJ, USA). Samples were run on a FacsCalibur flow
cytometer and analysed with Cell Quest software (BD
Bioscience).

Tcell cytokine profiles in gut-draining lymph nodes Isolated
mesenteric lymph node cells were stimulated with plate-
bound anti-CD3 (eBiosciences, San Diego, CA, USA) in
complete medium (DMEM with 10% (vol./vol.) FBS,

L-glutamine 2 mmol/l,100 U/ml penicillin plus streptomy-
cin). Briefly, flat-bottomed 96-well plates (Nunc, Roskilde,
Denmark) were pre-coated with anti-CD3. After removing
unbound antibody, 1.0 million lymph node cells were plated
in each well in duplicate in 200 μl of complete medium.
Supernatant fractions were collected 48 h later for cytokine
analysis.

Tcell cytokine secretion in response to CD3 stimulation was
measured with multiplex cytokine bead array (FlowCytomix;
eBioscience) using specific beads for each cytokine, anti-
cytokine and phycoerythrin-conjugated antibody, and a proto-
col and software provided by the manufacturer.
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Laser capture microscopy and isolation of islet RNA for
cytokine profiling Pancreases were collected from 6-week-
old mice. Frozen sections (16 μm thick) were cut on to
nuclease-free PEN glasses (Zeiss, Oberkochen, Germany).
The sections were stained with haematoxylin and eosin
(Sigma) to visualise pancreatic islets. Islets were identified
and scored for insulitis under laser capture microscopy using
a photo-activated localisation microscopy (PALM) device
(Zeiss). Islets were encircled and cut with a UV laser, and
automatically catapulted into an adhesive cap. All infiltrated
islets from 30 to 50 sections per pancreas for each sample
were collected. RNA was extracted from the laser capture
microscopy samples using a kit (ArrayPure Nanoscale RNA
Purification; Epicentre, Madison, WI, USA) for qPCR.

Statistical analyses The statistical significance of differences
between groups was evaluated using unpaired Student’s t test
with Welch’s correction or two-way ANOVA with post-hoc
test for comparisons of more than two groups. The difference
in diabetes incidence was evaluated using the Mann–Whitney
U test. Statistical significance was accepted at *p<0.05,
**p<0.01 and ***p<0.001.

Results

NOD mice on a diabetes-permissive chow diet have high in
vivo RONS activity We imaged live NOD mice of various
age groups with a chemiluminescence camera (IVIS) in
order to evaluate whether enteropathy and gut immune
system activation in NOD mice are associated with in-
creased free radical activity, which is detectable in vivo as
with joint inflammation [27]. Following intraperitoneal in-
jection of the RONS-sensitive probe L-012, NOD mice
emitted a signal from the abdominal area, which was signif-
icantly stronger than in healthy control BALB/c mice
(Fig. 1a). This was true in every age group tested, i.e. in
5-, 7-, 12- and 20-week-old animals, with significance for
the difference between NOD and BALB/c mice of all ages at
p<0.001 (Fig. 1b–e). We also weaned NOD female pups at
3 weeks of age to the anti-diabetogenic CH diet to determine
whether a lack of dietary factors that promote diabetes
would diminish RONS production. We further included a
crossover group of mice, which was weaned to hydrolysate
and then changed to normal chow later on, at 12 weeks of
age (Fig. 1b–e). Free access was given to the CH diet, which
allowed normal growth and weight gain (ESM Table 3). In
these experiments, all mice on normal diet became diabetic,
whereas 60% of mice on the CH diet (and in the crossover
group) became diabetic (Fig. 1f). The CH diet efficiently
reduced RONS production (Fig. 1b–e) in all age groups. A
change to normal chow at a mature age resulted in only
minimal upregulation of RONS production (Fig. 1e) and no

increase in diabetes incidence compared with mice on a
continuous anti-diabetogenic (CH-based) diet (Fig. 1f).

Ex vivo imaging of the whole intestine revealed high RONS
production in the distal small intestine of NOD mice We
first addressed the possibility that peritoneal leucocytes
were responsible for the RONS signal detected in vivo, but
found this not to the case (data not shown). Due to enterop-
athy and activation of the gut immune system in NOD mice,
it was particularly important to determine whether the
RONS signal detected in NOD mice originates from the
gut and whether it is localised to any particular region of
the gut. Ex vivo imaging of abdominal organs, including
liver, spleen and pancreas, showed that no RONS signal was
emitted from these organs. In contrast, imaging of the whole
small and large intestine revealed various levels of signal
from the gut, the highest levels being emitted from the distal
small intestine, corresponding to the ileum (Fig. 1g). While
newly weaned 3-week-old NOD intestines were almost
completely devoid of a RONS signal, RONS levels in the
ileum were high as early as 2 weeks later. Also in healthy
BALB/c mice, the ileum emitted a stronger signal than other
parts of the intestine. The CH diet reduced the level of the
RONS-derived signal in the ileum of NOD mice, suggesting
that regulation of RONS production is diet-dependent
(Fig. 1h). Thus, RONS production seemed to be induced only
after weaning to a normal chow-based diet.

As individual NOD mice showed different levels of
RONS in their intestine, we determined whether RONS
levels correlated with levels of insulitis in the pancreas.
High levels of RONS correlated with more advanced
insulitis, indicating an interdependence between intestinal
RONS and insulitis (Fig. 2).

To address the question of whether increased RONS
production is associated with inflammation and also possi-
bly further disrupts epithelial barrier function, we tested
barrier function by intragastric gavage with FITC-dextran.
While healthy BALB/c mice showed low or undetectable
absorption of FITC-dextran into the circulation beyond
5 weeks of age, the majority of NOD mice had readily
measurable serum levels at 6 or 8 weeks of age, with these
levels being maintained at least until 10 to 12 weeks of age
(Fig. 3a). NOD mice on the CH diet had markedly lower
FITC-dextran absorption and differed significantly from
control NOD mice at 10 to 12 weeks of age. In contrast,
individual differences in RONS production did not correlate
with FITC-dextran absorption (Fig. 3b,c). Thus, RONS
production in NOD mice is not directly connected to gut
barrier function in NOD mice.

RONS in the distal small intestine are produced by epithelial
cells RONS are produced by myeloid cells such as neutro-
phils and macrophages in response to microbial contacts and
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Fig. 1 RONS-dependent signal intensities in live NOD and BALB/c
mice and in whole-gut mounts after intraperitoneal injection of the L-
012 probe. (a) Representative images of 5-week-old mice on normal or
CH diet (CH-NOD). (b–e) Mean signal intensities in the abdominal
area of (b) 5-, (c) 7-, (d) 12- and (e) 20-week-old mice as a function of
time; n=6 mice per group; ***p<0.001 by one-way ANOVA. Black
circles, NOD; black squares, BALB/c; black downward triangles, CH-
NOD; black upward triangles, CH-NOD-DC (mice whose diet was
changed from hydrolysate to normal chow at 12 weeks of age [only in
e]). (f) Diabetes-free survival of female NOD mice on normal or CH
diet; n=8 mice per group; p<0.001 by Mann–Whitney U test. Black

circle, NOD; black triangles, CH-NOD; white squares, CH-NOD-DC.
(g) Whole-gut mounts of 5-week-old NOD and BALB/c mice on
normal or CH diet. The small intestine is to the left of the caecum
(marked c). (h) Mean signal intensity of the distal part of small
intestine (ileum) in NOD and BALB/c mice of indicated ages, and
the effect of diet in NOD mice. The effect of diet on BALB/c mice is
included for 5-week-old animals. Each data point represents the value
for an individual mouse; *p<0.05. **p<0.01 and ***p<0.001. White
circles, NOD; white squares, BALB/c; black triangles CH-NOD; white
triangles, CH-BALB/c

Fig. 2 Linear regression analysis of the correlation between RONS
levels and insulitis in NOD mice fed (a) normal chow (R2=0.911) and
(b) the CH diet (R2=0.027). Individual mice were plotted for insulitis

score (>30 islets per pancreas analysed) and RONS signal in the distal
small intestine. (b) Note the different scale for insulitis and RONS

Diabetologia (2013) 56:1781–1791 1785



are part of the intracellular microbe killing machinery [24].
Epithelial cells also produce RONS, this production also
being stimulated by microbial contacts [30]. We first studied
sections of NOD ileum using conventional histological tech-
niques, and found occasional small foci of accumulated
lymphocytes and plasma cells in lamina propria (Fig. 4a);
these foci were present in NOD mice fed normal chow diet,
but not in those on the CH diet. In flow cytometry, T cells
isolated from ileum showed higher CD69 expression in
normal chow-fed NOD mice, suggesting a higher level of
activation in this group (Fig. 4b,c). Immunostaining for
myeloperoxidase revealed myeloid leucocytes, probably
neutrophils, scattered in the lamina propria (Fig. 4d).
Myeloperoxidase-expressing cells were frequent in the ileum
of all NOD mice studied, but were less frequent on average in
healthy BALB/c mice. In contrast, CH diet-fed NOD mice
showed markedly fewer myeloperoxidase-expressing cells
than NOD mice on normal chow (Table 1). To evaluate the
role of epithelial cells in RONS production, we used in vivo
staining with DHE. Strong DHE staining in the cytoplasm of
epithelial cells was observed in the villi in NOD mice, indi-
cating that these cells produced considerable amounts of
RONS. NOD mice fed a CH diet showed reduced DHE
staining, indicating reduced RONS production by the intesti-
nal epithelium (Fig. 4e).

RONS production is associated with proinflammatory cyto-
kine, antibacterial lectin and Th17 responses RONS pro-
duction can exert autocrine and paracrine effects [31] on
homeostasis and signalling of many cell types, thus promot-
ing local inflammatory reactions and immune reactivity.
Accordingly, Il1, Il6, Il18, Il23 and Il17 levels were all high
in the ileum of NOD mice fed normal chow (Fig. 5a–e).
Interestingly, this was associated with high expression of

bactericidal lectin RegIIIγ (also known as Reg3g) (Fig. 5f),
which is produced by gut epithelial cells in response to mi-
crobial colonisation [32]. Consistent with the increased local
IL-17 production, ex vivo-stimulated T cells isolated from
mesenteric lymph nodes produced more IL-17 in NOD mice
fed normal diet than in NOD mice on the anti-diabetogenic
CH diet (Fig. 5g–k).

A CH diet affects bacterial colonisation of the intestine As
RONS are produced in response to contact with microbes
and the CH diet is associated with lower RONS production,
it was important to determine whether the diet-associated
reduction of RONS production was associated with a qual-
itative or quantitative change in intestinal microbial com-
munities. The CH diet diminished total bacterial content in
the intestine (Fig. 6a,b). This affected all major groups of
bacteria studied, but also induced qualitative changes in the
composition of microbiota, as indicated by the G+C distri-
bution of total bacterial DNA in per cent G+C profiling
(Fig. 6c). qPCR analysis of six clusters of bacteria indicated
that the CH diet affected the densities of bacteria belonging to
Clostridial cluster XIVa more profoundly than that of
Bacteroides spp., thus increasing the Bacteroidetes:Firmicutes
ratio (Fig. 6d,e, ESM Fig. 1). In other clusters, smaller effects
were detected, such as stimulation of Clostridial cluster IVand
Coriobacteriaceae [33]. Interestingly, Clostridial cluster IV in-
cludes important probiotic and immunoregulatory bacteria [16]
such as Faecalibacterium prausnitzii [34]. In contrast, the
absolute numbers of Lactobacilli were suppressed with the
CH diet (Fig. 6e). SFB colonisation was also determined in
stool samples [35], but not found to be affected by the diet
(ESM Table 4). Concentrations of short-chain fatty acids in
luminal contents also reflected changes in the composition
of microbiota, as butyrate (efficiently produced by certain

Fig. 3 (a) Fluorescence
intensities of serum samples
from NOD (black circles), CH-
diet-fed NOD (black triangles)
and BALB/c (white squares)
mice. Each data point
represents an individual mouse
tested. Relative fluorescence
units (RFU) were calculated as
the rate of signal (emitted light
at 485–535 nm per s) in the
sample relative to the signal
given by normal serum; *p<
0.05 and **p<0.01. (b) Lack of
correlation between serum
FITC-dextran and intestinal
RONS levels in NOD (R2=
0.0009) and (c) CH-diet-fed
NOD mice (R2=0.290)
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firmicutes) and lactate concentrations were lower in the CH diet
group (Fig. 6f–j).

Casein hydrolysate diet treatment reduced Ifng and Il17 in
islets The CH diet reduced RONS production in the ileum
and Th17 immunity in gut-draining lymph nodes of NOD
mice. To determine whether this reflects upon cytokine
levels in islet infiltrates, we used laser capture microscopy
to measure Il17 (also known as Il17a) and Ifng transcripts
from islet tissue prepared from frozen pancreatic sections
(Fig. 7a). The CH diet was associated with reduced islet
infiltration (Fig. 7b) and significantly reduced expression of
Il17 and Ifng (Fig. 7c) in islet infiltrates.

Discussion

The gut immune system, dietary factors and the composition
of gut microbiota are important in the pathogenesis of type 1
diabetes [1, 3, 7, 20]. However, their involvement in disease
pathogenesis is unlikely to be similar over the whole length
of the gastrointestinal tract. In this study, we identified a site,

which appears to react to environmental changes during
weaning with inflammatory activity and to involve T cell
activation in the gut in the NOD mouse. Whole-gut imaging
for RONS revealed increased RONS synthesis in the ileum
of young, prediabetic NOD mice. This was associated with
increased production of proinflammatory cytokines and
T cell activation locally, with enhanced Th17 activity in
the draining lymph nodes. The main producers of RONS
appeared to be epithelial cells, consistent with the finding of
strong expression of RegIIIγ, an antibacterial peptide pro-
duced in a toll-like receptor-4-dependent manner by epithe-
lial cells in response to bacterial colonisation [32]. Epithelial
cell RONS production and increased T cell activation were
diminished by the CH diet, which also reduced microbial
colonisation and RegIIIγ. Diminished microbial colonisa-
tion in the ileum secondary to the CH diet provides a
potential new aspect of the mechanisms of diet-dependent
regulation of diabetogenesis in type 1 diabetes [36].

According to previous in vitro and in vivo studies, epi-
thelial cells in the intestine produce free radicals in response
to contact with commensal bacteria [30]. Compared with
more proximal parts of the gastrointestinal tract, the distal

Fig. 4 (Immuno)histochemistry
and flow cytometry of gut
T cells. (a) Haematoxylin and
eosin staining of NOD and
BALB/c ileum showing (white
arrows) a focus of leucocytes in
the lamina propria of NOD mice
on normal chow. Magnification
×40; scale bar 5 μm. (b)
Representative dot-plots of
CD69 expression on CD4
T cells from gut wall. PE,
phycoerythrin. (c) Mean
fluorescence intensity (MFI)
of CD69 expression on gut
CD4 T cells as determined
from individual mice; n=5;
***p<0.001. Black bars, NOD
mice; grey bars, BALB/c mice;
white bars, CH-diet-fed NOD
mice. (d) Myeloperoxidase
immunostaining (green
fluorescence), indicating the
presence of neutrophil-like cells
(arrowheads) in lamina propria
(L, lumen; M, muscle layer).
(e) Representative in vivo
DHE staining (red) showing
cytoplasmic reactivity in
epithelial cells of the intestinal
villi (n=3 mice per group).
Sections of small intestine were
counterstained with DAPI for
nuclei. Magnification ×20; scale
bars 100 μm (d) and 200 μm (e)
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small intestine is the first to become colonised with increas-
ingly diverse microbiota consisting of Enterobacteriaceae
and obligate anaerobes, and, in rodents, of SFB [37]. Thus,
production of RONS appears to be a necessary and physio-
logical host response to contact with microbiota in the
ileum. Production of RONS was also detectable in the ileum
of healthy BALB/c mice; indeed, similar observations were
made earlier by Kielland et al [27]. For this reason, we also
chose BALB/c mice as controls for our initial studies on
RONS and gut permeability. In studies of T cell cytokines,
BALB/cmice were not an optimal match with NODmice, due
to their inherent Th2 dominance. However, our comparisons

of NOD mice on high- and low-risk diet are independent of
BALB/c controls, and thus the association between diet,
RONS and Th17 responses in the gut of NOD mice remains
valid.

Gut barrier function was found to be compromised in
normal NOD mice after weaning. This suggests dysregulated
epithelial cell homeostasis involving impaired tolerance to
microbes and dietary irritants [38]. The fact that NOD mice
fed a CH diet had more intact barrier function is in strong
support of this. A recent study in BB rats also indicates that
peptides from CH combined with a protein-free diet improve
gut barrier function [39]. Contact with microbial factors in-
duces tolerance to toll-like receptor-4 signalling in epithelial
cells of the neonatal small intestine, which protects epithe-
lial cells from a deleterious inflammatory response [40].
Malfunction in these pathways results in aggravated responses
to microbial colonisation, such as elevated RegIIIγ and RONS
production in the small intestine, and activates NF-κB and
cytokine production [24] locally. Interestingly, a study in BB
rats found that diabetic animals had relatively more
Enterobacteriaceae specifically in the ileum in parallel to
higher levels of RONS [41].

In our NOD mouse colonies on a normal or CH diet, SFB
[42] were present in equal amounts. Thus, the pronounced

Table 1 Myeloperoxidase staining of non-epithelial neutrophil-like cells

Mouse 1 2 3 4 5 6

NOD +++ +++ +++ +++ +++ +++

BALB/c + + ++ ++++ ++

CH-NOD + + +

Frozen sections of ileum were stained for myeloperoxidase expression
and numbers of neutrophil-like cells staining positively were evaluated
semi-quantitatively (+ to ++++) by two independent investigators

p<0.05 for difference between NOD and CH-NOD

Fig. 5 Profiles of cytokine and
RegIIIγ expression in ileum
tissue, and of cytokine
production by T cells in
mesenteric lymph nodes. (a)
Cytokine transcripts of Il1, (b)
Il6, (c) Il18, (d) Il23 (also
known as Il23a) and (e) Il17,
and of (f) RegIIIγ in ileum
tissue of NOD and BALB/c
mice on a normal diet, and of
NOD mice on a CH diet
(CH-NOD). Values are mean
± SEM; n=4–5 mice per group.
(g) Secretion of IL-2, (h) IFN-
γ, (i) IL-4, (j) IL-10 and (k)
IL-17 by lymph node T cells
during 48 h of stimulation with
plate-bound anti-CD3 antibody
in the same groups. Data are
from two (a–f) and three (g–k)
individual experiments;
*p<0.05. **p<0.01 and
***p<0.001
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IL-17 production in response to CD3-ligation in mesenteric
lymph node cells of NOD mice fed a normal diet cannot be
ascribed to different levels of SFB colonisation in the ileum.
However, the total bacterial content in intestinal samples
was much higher in mice fed a normal diet, consistent with
the notion that various bacteria and the overall community

structure and quantity affect the IL-17 response, along with
RegIIIγ and the proinflammatory cytokine response. We
propose that an aberrant epithelial immune response to
microbial colonisation in NOD mice on normal chow occurs
during weaning, inducing epithelial stress and local RONS
production. This leads to inflammation and local T cell

Fig. 6 Microbiota and their
composition in NOD mice on
normal or on a CH diet
(CH-NOD). (a) Frequency of
bacteria in the lumen of ileum
samples fixed in methacrylate
resin and stained with toluidine-
blue. Magnification ×40,
scale bars 200 μm; insets are
magnified villi, magnification
×100, scale bars 20 μm. (b)
Total bacterial load (per g
of intestinal content) as
determined by copy number
of 16S RNA-encoding DNA.
(c) Distribution of the whole
microbiota according to G+C
profile as measured from
unamplified total DNA. (d–e)
Relative abundance of six
bacterial clusters as determined
by qPCR in (d) NOD and (e)
CH-NOD mice. (f–j) Profile of
short-chain fatty acids (SCFA)
as indicated in intestinal
contents of NOD and CH-NOD
mice. Data (b–j) are from nine
NOD and 15 CH-NOD mice,
pooled to three biological
replicates (from three and five
mice, respectively); *p<0.05
and **p<0.01

Fig. 7 Effect of CH diet on Ifng and Il17 expression in islet infiltrates.
(a) Laser capture microscopy sampling of frozen pancreatic sections to
isolate RNA from infiltrated islets; n=30–50 per pancreas. (b) Level of
islet infiltration in 6-week-old NOD mice on a normal or CH diet (CH-
NOD), expressed as insulitis score; n=6 mice per group with >30 islets

per pancreas analysed. (c) Profiles of cytokine transcripts in islets of
NOD (black bars) and CH-NOD (white bars) mice, determined by
qPCR; n=5 mice per group; *p<0.05. Il12, also known as Il12a;
Tgf-β, also known as Tgfb1
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activation in the gut wall, to Th17 skewing in gut-draining
lymph nodes and to accumulation of Th17 cells in islets,
driving insulitis and islet Th1 responses [43]. The CH diet
controls all these phenomena, as well as gut leakiness in
part, but the latter appears to be neither a prerequisite for
RONS hyperproduction nor a necessary consequence of it.

Current, although limited, data in human type 1 diabetes
cohorts suggests that butyrate- and lactate-producing bacteria
are associated with protection from type 1 diabetes-related
autoimmunity [7], and that children with type 1 diabetes-
related autoimmunity suffer from an abundance of bacteria
of the genus Bacteroides [8]. In addition, a recent study in the
diabetes-prone BB model suggests that Lactobacilli were
decreased in diabetic animals and restored by CH supplemen-
tation [39]. The role of Lactobacilli could thus be different
between these two animal models of type 1 diabetes. If animal
models represent different human type 1 diabetes disease
phenotypes, the role of certain genera/species in individual
cases of the disease may also be different.

In summary, we have identified a diet-dependent inflam-
matory reaction in the gut, which localises to the distal small
intestine. With regard to the pathogenesis of islet autoim-
munity, the consequences of the above could be enhanced
co-stimulation during antigen presentation, the presentation
of putative microbial mimicry peptides or proinflammatory
conditioning of islet-destructive T cell responses in gut-
draining lymph nodes. Alternatively, intestinal inflammation
could promote the activation of islet-reactive T cells in pancre-
atic lymph nodes close to weaning [23]. Although the dissec-
tion of the above-mentioned effects on islet autoimmunity
require further investigations, our results emphasise the impor-
tance of host × dietary and host × microbial interactions within
the gut immune system in the pathogenesis of type 1 diabetes.
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