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Abstract

Aims: Type 1 diabetes (T1D) has a strong genetic predisposition and requires an envi-

ronmental trigger to initiate the beta-cell autoimmune destruction. The rate of child-

hood obesity has risen in parallel to the proportion of T1D, suggesting high-fat diet

(HFD)/obesity as potential environmental triggers for autoimmune diabetes. To

explore this, non-obese diabetic (NOD) mice were subjected to HFD and monitored

for the development of diabetes, insulitis and beta-cell stress.

Materials and Methods: Four-week-old female NOD mice were placed on HFD

(HFD-NOD) or standard chow-diet. Blood glucose was monitored weekly up to

40 weeks of age, and glucose- and insulin-tolerance tests performed at 4, 10 and

15 weeks. Pancreata and islets were analysed for insulin secretion, beta-cell mass,

inflammation, insulitis and endoplasmic reticulum stress markers. Immune cell levels

were measured in islets and spleens. Stool microbiome was analysed at age 4, 8 and

25 weeks.

Results: At early ages, HFD-NOD mice showed a significant increase in body weight,

glucose intolerance and insulin resistance; but paradoxically, they were protected

from developing diabetes. This was accompanied by increased insulin secretion and

beta-cell mass, decreased insulitis, increased splenic T-regulatory cells and altered

stool microbiome.

Conclusions: This study shows that HFD protects NOD mice from autoimmune dia-

betes and preserves beta-cell mass and function through alterations in gut micro-

biome, increased T-regulatory cells and decreased insulitis. Further studies into the

exact mechanism of HFD-mediated prevention of diabetes in NOD mice could

potentially lead to interventions to prevent or delay T1D development in humans.
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1 | INTRODUCTION

Type 1 diabetes (T1D) is caused by the autoimmune destruction of

insulin producing beta-cells.1 Multiple genes are known to modulate

susceptibility to the development of T1D.2-6 However, clinical studies

of T1D have shown a relatively low concordance rate in identical

twins, suggesting a strong environmental component in the develop-

ment of the disease.7,8 While the exact triggers of T1D are not well

established, many environmental factors such as infections, diet, gut

microbiome and vitamin D deficiency have been suggested to be

involved.9 Interestingly, the incidence of T1D has been increasing in

parallel with the childhood obesity epidemic,10-12 suggesting that a

high calorie diet or obesity may be environmental triggers for the

increasing incidence of T1D.

The rate of T1D and other autoimmune diseases has been steadily

increasing in westernized societies.12-15 The high-fat Western diet has

been proposed to play a role in the development of many autoimmune

diseases.16 High-fat diet (HFD) has been previously associated with wors-

ening autoimmune disease pathogenesis in animal models of lupus and

multiple sclerosis.17,18 In cell and animal models, HFD is known to induce

insulin resistance, beta-cell endoplasmic reticulum (ER) stress, mitochon-

drial damage, oxidative stress, dysfunctional insulin production and beta-

cell death.19-22 In addition, stimulation of beta-cell stress pathways has

been shown to lead to enhanced production of neo-antigens and activa-

tion of diabetogenic T cells.23-26 These findings support the hypothesis

that increasing levels of beta-cell oxidative and ER stress via HFD feeding

may contribute to both the initiation and acceleration of T1D.

The highest incidence of T1D in humans occurs during puberty,

which is a period of elevated insulin resistance.27,28 Puberty represents

a time when beta-cells are under stress because of an insulin resistance-

mediated increase in insulin demand, supporting the concept that insulin

resistance induced beta-cell stress may trigger or accelerate the onset of

T1D.29 Indeed, several clinical studies have shown a correlation

between overweight or obese individuals and development of T1D, as

well as an association between elevated weight gain in early life and

higher risk of T1D development.30-32 Clinical studies have also shown a

faster decline in residual C-peptide production in newly diagnosed T1D

adolescents with a higher body mass index (BMI) at diagnosis, compared

with non-overweight adolescents.33 These clinical findings suggest that

HFD-induced obesity and insulin resistance may function as environ-

mental triggers or accelerators in the development of T1D.

While many studies suggest a detrimental effect of HFD on beta-

cell health, others have found that HFD has protective effects against

the development of diabetes. For instance, HFD is well known to

stimulate beta-cell replication and increase beta-cell mass.34 In addi-

tion, HFD feeding has been shown to improve glucose levels in the

KATP channel gain of function mouse model of monogenic neonatal

diabetes.35 In addition, while some clinical studies suggest an associa-

tion between elevated BMI and development of T1D, other clinical

studies have indicated that elevated BMI does not alter T1D progres-

sion.36 These data reveal the importance of investigating the effect of

HFD upon the development of T1D as seemingly detrimental to beta-

cell function, while HFD has been also shown to have beneficial

effects in some models of diabetes.

To determine the effect of HFD-induced obesity on the develop-

ment of T1D in genetically predisposed individuals, we utilized

non-obese diabetic (NOD) mice. NOD mice develop spontaneous

autoimmune diabetes with similar pathophysiology to humans with

T1D.37,38 To determine the effect of HFD on the development of T1D,

4-week-old NOD mice were placed on standard chow diet (SCD) or HFD

to simulate Western diet feeding and induce obesity. Then, animals from

both groups were monitored for the development of diabetes, insulin

production, beta-cell mass, islet inflammation and islet stress markers.

2 | MATERIALS AND METHODS

NOD/ShiLtJ (RRID:IMSR_Jax:001976) mice were purchased from the

Jackson Laboratory (Bar Harbor, Maine). Animal protocols were

approved by the Institutional Animal Care and Use Committee (IACUC).

All mice were kept in a pathogen-free facility. Four-week-old NOD

female mice were randomly separated into two groups and fed with (a)

SCD (PicoLab mouse diet 20-21.559% calories from fat, 55.231% calo-

ries from carbohydrates, 23.210% calories from protein), or (b) HFD

(Envigo TD.008811/irradiated, 44.6% calories from fat, 40.7% from car-

bohydrate, 14.7% from protein). Body weight and blood glucose (via tail-

vein using a Bayer Contour meter; Ascensia Diabetes Care, Basel, Swit-

zerland) were monitored weekly. In a subset of mice, 24-h food con-

sumption was monitored once a week from weeks 5 to 10. Mice were

considered diabetic once they had two random (12.00-16.00 h) blood

glucose values >250 mg/dL on two separate days. Once ascertained as

diabetic, the animals were killed. A subset of mice was treated with

200 mg/kg of cyclophosphamide (EMD Millipore 239 785, Burlington,

MA) via IP injection at 25 weeks to reduce T-regulatory cells.

2.1 | Glucose and insulin tolerance tests

Glucose tolerance tests were performed in 10- and 15-week-old ani-

mals after overnight (16 h) fasting, and in 4-week-old animals after

6-h fasting. Mice were intraperitoneally injected with 2 g/kg dextrose

and blood glucose monitored at 0, 15, 30, 60 and 120 min. Plasma

insulin was measured before (0 min), and 30 and 60 min after glucose

load using a Mouse Insulin Elisa kit (Crystal Chem, Elk Grove Village,

IL). Insulin tolerance tests were performed after a 4-h fast. Mice were

intraperitoneally injected with 0.3 u/kg (4-week-old mice) or 0.4 u/

kg (10- and 15-week-old mice). Blood glucose was measured via the

tail vein at 0, 15, 30, 45, 60, 90 and 120 min after insulin injection. Of

note, NOD mice that developed blood glucose lower than 50 mg/dL

after 4-h fasting were excluded from this test.

2.2 | Islet isolation

Mice were killed with isoflurane followed by cervical dislocation. The

pancreas was perfused with collagenase (Sigma, St. Louis, MO) in

Hanks' balanced salt solution via bile-duct cannulation. The pancreas

was digested in collagenase solution, and washed with Hanks' balanced
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salt solution and RPMI media. Islets were handpicked using a dissecting

microscope into RPMI + 10% fetal bovine serum + 100 μg/mL penicil-

lin/streptomycin and used immediately for experiments. Total insulin

content was measured using a Mouse Insulin Elisa kit (Crystal Chem).

2.3 | Immunohistochemistry and insulitis scoring

At 10 and 40 weeks of age, mice were killed and pancreata imme-

diately fixed in formalin, then embedded in paraffin. For immuno-

histochemical staining, slides were deparaffinized, rehydrated and

underwent antigen retrieval with sodium citrate. Sections were

blocked in 3% bovine serum albumin and incubated overnight in

anti-insulin (CST 1:100, Danvers, MA) and anti-glucagon (Abcam

1:200, Cambridge, MA) primary antibodies, followed by 2-h sec-

ondary antibodies (goat antirabbit AF-488 1:500 and goat anti-

mouse AF-594 1:500; Abcam) incubation, and mounted using

prolong anti-fade media with DAPI. Images were obtained using

an EXC-500 fluorescence microscope (Visual Dynamix, Chester-

field, MO, USA). For beta-cell mass, an insulin-positive area was

measured in ImageJ (ImageJ, RRID:SCR 003070) from five slides

separated by 100 μM and calculated by taking the total insulin

positive area divided by the total section area and multiplying by

the weight of the pancreas (g). To grade insulitis, five sections per

pancreas were stained with haematoxylin and eosin and all islets

(>50 islets for each animal analysed) in the sections scored using

the following grading system; 1, no islet associated mononuclear

cell infiltrates; 2, peri-insulitis involving <50% of islet circumfer-

ence; 3, peri-insulitis involving >50% of the islet circumference;

and 4, invasion of the interior of the islet by immune cells.

2.4 | Beta-cell replication and apoptosis analysis

Paraffin-embedded pancreatic sections from 10-week-old SCD-NOD

mice and HFD-NOD mice were stained with DAPI, insulin antibody

and either Ki67 or TUNEL assay (Roche, Basel, Switzerland). More

than 50 islets per animal were analysed via blinded counting by two

individuals. Insulin-positive cells per islet were counted via the assis-

tance of automation via cell profiler software. Ki67+insulin+ or

TUNEL+insulin+cells were counted by the investigators. Data were

expressed as the percentage of insulin+KI67+ or insulin+TUNEL+

cells over the total number of insulin+ cells/mouse.

2.5 | Quantitative polymerase chain reaction
analysis

Total RNA was extracted from 80 to 100 islets per mouse using

the Qiagen RNAeasy kit (Qiagen, Germantown, MD), followed by

reverse transcriptase reaction using a high-capacity cDNA reverse-tran-

scription-kit (Applied Biosystems, Waltham, MA). Gene expression

was calculated using the delta-delta Ct method, using mL32 as a

housekeeping gene. The following primers were used in this

study: mL32 forward 50-TTCCTGGTCCAC-AATGTCAA-30, reverse 50-

GGCTTTTCGGTTCTTAGAGGA-30; msXBP1 forward 50-GTCCATGG-

GAAGATGTTCTGG-30, reverse 50-CTGAGTCCGAATCAGGTG-CAG-30;

mChop forward 50-CCACCACACCTGAAAGCAGAA-30, reverse 50-AGG-

TGAAAGGCAGGGACTCA-30. The following primer pairs for interleukin

(IL)-1β (MP206724), transforming growth factor-β (MP217184) and IL-6

(MP206798) were purchased from Origene (Rockville, MD).

2.6 | Flow cytometry

Mouse spleens were isolated and strained through a 70-μM strainer to

disperse cells. Red blood cells were lysed using RBC lysis buffer

(Invitrogen, Waltham, MD). Non-specific antibody binding sites were

blocked by incubation with the CD16/32 Fc-receptor blocking anti-

body (BioLegend, San Diego, CA; cat. no. 101201, RRID:AB-312800).

For analyses of cell surface markers, cells were labelled with

fluorescent-conjugated antibodies in phosphate-buffered saline con-

taining 2% bovine serum albumin. For FOXP3 staining, cells were

labelled with cell surface markers, then fixed using the FoxP3 fix and

perm kit (eBioscience, Waltham, MA), and then incubated with APC-

Foxp3 antibody (ThermoFisher Scientific, Waltham, MA; cat. no. 17-

4776-41, RRID:AB_1603281). Flow cytometry measurements were

performed with the Canto II instrument (BD Scientific, San Jose, CA;

Canto II Flow Cytometer, RRID:SCR_018056) using the flow cytometry

core (https://pathology.wustl.edu/research/core-facilities/flow-cytome

try-fluorescence-activated-cell-sorting/). FACS data were analysed with

FlowJo software (FlowJo, Ashland, OR; RRID:SCR_008520).

2.7 | Stool microbiome studies

Fresh stool samples were collected from SCD-NOD and HFD-NOD

mice serially at age 4, 8 and 25 weeks and frozen at �80 before DNA

extraction. DNA was prepared from faecal samples by bead beating,

followed by isolation using the DNA-Kit (Qiagen). The V4 region of

the 16S rRNA gene was polymerase chain reaction-amplified using

the barcoded primer described previously (https://stm.sciencemag.

org/content/7/276/276ra24?ijkey=f600e2dc0f70c723aa047539d95

962a6ca6dccd1&keytype2=tf_ipsecsha) and sequenced using the

Illumina MiSeq Platform (2 � 250-bp/paired-end-reads). Data analysis

was performed using the Kraken tool via Partek Flow Software.

3 | RESULTS

3.1 | High-fat diet feeding induces impaired
glucose tolerance and reduced insulin sensitivity in
non-obese diabetic mice

At 4 weeks of age, female NOD mice were divided into two groups

and provided ad-lib access to HFD (HFD-NOD) or SCD (SCD-NOD).

Female NOD mice were studied as they exhibit an increased inci-

dence of diabetes compared with male mice.39 Beta-cell function,
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mass and islet morphology were evaluated at 10 weeks of age. This

time point was chosen as it is before a significant loss of beta-cell

mass or development of glucose intolerance in NOD.40 As expected,

HFD-NOD mice gained significantly more weight than SCD-NOD

mice (Figure 1A). Weekly follow-up also revealed an elevation of non-

fasted blood glucose in HFD-NOD mice compared with SCD-NOD

mice at age 6-10 weeks, with SCD-NOD beginning to have higher

blood sugar at 14 weeks (Figure 1B). Food consumption was

largely similar in HFD-NOD and SCD-NOD between 5 and

10 weeks of age, except for 8-9 weeks where HFD-NOD mice ate

significantly less food (Figure 1C). While fasting blood glucose

was not significantly different between groups (Figure 2D-F),

HFD-NOD mice did exhibit significantly impaired glucose tolerance

compared with SCD-NOD at 10 weeks (Figure 2G-I). To determine

F IGURE 1 High-fat diet (HFD) non-obese diabetic (NOD) mice develop increased weight, impaired glucose tolerance and insulin resistance
by 10 weeks of age. (A) Weekly weight measurements in HFD-NOD (red) and standard chow diet (SCD)-NOD (blue). (B) Weekly random blood
glucose for HFD-NOD and SCD-NOD mice from 4 to 15 weeks of age. (C) Food consumption for HFD-NOD and SCD-NOD mice from 5 to
10 weeks. Fasting blood glucose for HFD-NOD and SCD-NOD mice at (D) 4, (E) 10 and (F) 15 weeks of age. Intraperitoneal glucose tolerance
testing at age (G) 4, (H) 10 and (I) 15 weeks with area under the curve (AUC). Insulin tolerance testing at (J) 4, (K) 10 and (L) 15 weeks of age with
AUC. N = 5 mice/group for (C) and n = 10 mice/group for all other panels, data represent mean ± SEM. *p < .05 by two-way ANOVA with Sidak-
correction for multiple comparisons for (A, B, H, I, K, L) and (C) by non-parametric T-test for, and AUC
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if impaired glucose tolerance was mediated by insulin resistance,

we performed insulin tolerance tests. Ten-week-old HFD-NOD

mice showed a significant impairment in insulin sensitivity

compared with SCD-NOD mice (Figure 2K), an expected outcome

considering the significantly higher weight gain in the HFD group

(Figure 1A).

F IGURE 2 High-fat diet (HFD) non-obese diabetic (NOD) mice are protected from the development of diabetes and have increased beta-cell
mass and plasma insulin levels. (A) Incidence of diabetes in HFD-NOD (red) compared with standard chow diet (SCD)-NOD (blue) until age
40 weeks (19 mice/group were followed until 25 weeks, 9 mice/group were followed to 40 weeks as indicated by broken x-axis). (B) Fasting
blood glucose and (C) weight in 40-week-old HFD-NOD mice. (D) Quantification of beta-cell mass in 10-week-old SCD-NOD and HFD-NOD
mice. (E) Representative images of islet sections stained for insulin (green) and glucagon (red). Quantification of percentage beta-cells positive for
(F) Ki67 and (H) TUNEL and (G,I) representative images. (J) Plasma insulin levels during glucose tolerance testing at 10 and 15 weeks of age.
(K) Delta plasma insulin levels after glucose tolerance testing. (L) Islet insulin content measured in islets from 15-week-old HFD-NOD and SCD-
NOD. N = 8 mice/group for (B,C), and 3-5 mice/group for (D), 6-10 mice/group for (F,G) and 9-10 mice/group for (H). Data represent mean ± SE.
*p < .05 by non-parametric T-test for (D). **p < .05 compared with same diet and age at time 0, or *p < .05 compared with group indicated by
brackets by two-way ANOVA with Tukey's and Sidak's multiple comparison testing for (J,K)
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3.2 | High-fat diet non-obese diabetic mice are
protected from the development of diabetes

Given the increase in insulin resistance and the impaired glucose toler-

ance in HFD-NOD, we expected an accelerated onset of diabetes.

Surprisingly, our data showed that the HFD-NOD mice were protec-

ted from diabetes. Animals were monitored for diabetes development

up to 40 weeks of age (Figure 2A). While as expected, only 11% of

SCD-NOD mice remained diabetes free at 40 weeks, a significantly

greater fraction (78%) of the HFD-NOD mice were protected from

diabetes (Figure 2A). Four-week-old HFD-NOD mice had an average

fasting blood glucose of 117 mg/dL and continued to be overweight

(Figure 2B,C).

3.3 | High-fat diet non-obese diabetic mice have
increased beta-cell mass and increased glucose-
stimulated plasma insulin levels

To determine the mechanism underlying the protective effects of

HFD, we analysed beta-cell mass and islet morphology, beta-cell repli-

cation and death. At 10 weeks, HFD-NOD mice showed a signifi-

cantly higher beta-cell mass and normal islet morphology compared

with SCD-NOD (Figure 2D,E). Staining and percentage of beta-cells

positive for Ki67 (replication) or TUNEL (death) did not reveal any sig-

nificant differences between SCD-NOD and HFD-NOD animals

(Figure 2G-I). Next, to determine if islets from HFD-NOD mice

showed improved function we performed glucose-stimulated insulin-

secretion studies in vivo by measuring plasma insulin levels during a

glucose tolerance test. While SCD-NOD mice showed loss of insulin-

secretory capacity from 10 to 15 weeks, HFD-NOD mice did not

(Figure 2J-K). In addition, at 15 weeks HFD-NOD mice were able to

secrete significantly more insulin during glucose challenge than SCD-

NOD mice did (Figure 2J-K) and showed no changes in whole islet

insulin content with respect to SCD-MOD mice (Figure 2L). These

data showed that despite having early glucose intolerance and insulin

resistance, HFD-NOD mice had increased beta-cell mass and

improved insulin secretion compared with SCD-NOD mice.

3.4 | High-fat diet non-obese diabetic mice exhibit
reduced islet immune cell infiltration

Insulitis scoring of pancreatic sections revealed that 10- and 40-week

old HFD-NOD mice trended towards having less islet infiltration than

10-week-old SCD-NOD mice (Figure 3A-C), although it was probably

not statistically significant because of islet heterogeneity and the small

sample size. We also examined potential differences in the types of

F IGURE 3 High-fat diet (HFD) non-obese diabetic (NOD) islets have decreased insulitis and no significant difference in endoplasmic
reticulum stress markers and inflammatory markers at 10 weeks of age. (A) Insulitis scoring for islets at 10 and 40 weeks of age, and (B) mean islet
count by grade for individual mice. (C) Representative islets stained with haematoxylin and eosin at 10 weeks of age and 40 weeks of age. (D-G)
Quantitative polymerase chain reaction analysis of gene expression from whole islet samples compared with the housekeeping gene (RPL32).
N = 3-5 mice/group for (A,B), and 4-6 mice/group for (D-G)
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immune cells entering the islets by flow cytometry analysis and found

that HFD-NOD mice trended towards lower total numbers of CD45+

immune cells per islet (Figure SS1A). We found no significant differ-

ences in the populations of major immune cells including F480+macro-

phages, B220+ B cells, CD3+ T cells, CD4+ T cells and CD8+ T cells

between islets of HFD-NOD and SCD-NOD mice (Figure SS1B-P).

3.5 | Cell stress and inflammatory markers were
not increased in high-fat diet non-obese diabetic mice

Islets from young NOD mice have been previously reported to have

steadily increasing levels of ER stress and inflammatory markers with

age.41 To investigate the effect of HFD on islet ER stress, islets from

4- and 10-week-old SCD-NOD and HFD-NOD mice were analysed

for gene expression. As expected, transcripts of the ER stress marker

chop and the inflammatory cytokines IL1-β and IL6 significantly

increased from 4 to 10 weeks in both SCD-NOD and HFD NOD mice

(Figure S2A-C). However, there were no significant differences in ER

stress markers between SCD-NOD and HFD-NOD mice at 10 weeks

(Figure 3D,E). We then examined levels of the inflammatory cytokines

IL6 and IL1-β within the islets. Although the results did not reach sta-

tistical significance because of high inter-animal variability, HFD-NOD

mice trended towards lower levels of IL6 and IL1-β (Figure 3F,G). This

decrease in inflammatory cytokines correlates with decreased levels

of insulitis in HFD-NOD mice (Figure 3A-C).

3.6 | T-regulatory cells were increased in the
spleen of high-fat diet non-obese diabetic mice

We next investigated T-regulatory cell levels in HFD-NOD mice.

T-regulatory cells are important repressors of autoimmunity

in multiple human diseases including T1D.42,43 In support of this

association, NOD mice showed lower levels of T-regulatory cells

compared with other mouse strains.44 To determine if HFD feeding

resulted in increased immune regulation by increasing T-regulatory

cells, we performed FACs analysis on splenocytes from 10-week-old

HFD-NOD and SCD-NOD mice. Spleens, but not the pancreatic

lymph nodes of HFD-NOD mice showed increased levels of CD25

+FoxP3+CD4+ T-regulatory cells compared with SCD-NOD mice

(Figure 4A-C). To examine the contribution of T-regulatory cells in

the protection of HFD-NOD mice from development of diabetes,

we reduced the T-regulatory cells in HFD-NOD animals by treat-

ment with cyclophosphamide. Cyclophosphamide treatment has

been previously shown to reduce T-regulatory cells efficiently in

animal models,45 and it was confirmed in our mice (Figure S3A,B).

Depletion of T-regulatory cells in HFD-NOD mice significantly

increased the incidence of diabetes to 60%, compared with 10.5%

in age-matched untreated HFD-NOD mice (Figure 4D), suggesting

that T-regulatory cells are necessary for HFD-mediated protection

from diabetes.

3.7 | Stool microbiome is significantly altered in
high-fat diet non-obese diabetic mice

To determine the role of gut microbiome in HFD-mediated prevention

of diabetes we analysed the stool microbiome in SCD-NOD and HFD-

NOD mice at 4, 8 and 25 weeks. Stool samples were taken from the

same animals over time to determine changes in microbiome during

diabetes development. As expected, no differences in beta diversity

of the stool microbiome were found in SCD-NOD mice at 4 weeks

(Figure 5A,B). However, at 8 and 25 weeks of age SCD-NOD and

HFD-NOD mice showed significantly different microbiota as shown

by beta diversity plots (Figure 5C-F), with increased abundance of

F IGURE 4 High-fat diet (HFD) non-obese diabetic (NOD) mice have increased levels of splenic T-regulatory cells. Quantification of the

percentage of CD45+ immune cells, which were CD45+CD4+CD25+FoxP3+ T-regulatory cells in (A) the spleen and (B) pancreatic lymph node
(PLN). (C) Representative dot plots from FACs analysis of standard chow diet (SCD)-NOD and HFD-NOD CD45+CD4+CD25+FoxP3 splenic and
PLN immune cells with fluorescence minus one (FMO) control for CD25 and FoxP3. (D) 25-week-old non-diabetic HFD-NOD mice were treated
with cyclophosphamide (CP) and monitored for the development of diabetes over the following 4 weeks. N = 4-5 mice/group, *p < .05 non-
parametric t-test, ‡p < .05, Fisher's exact test
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Bacteroidetes in SCD-NOD mice, and increased abundance of Ver-

rucomicrobia in HFD-NOD mice (Figure 5D,F).

4 | DISCUSSION

To determine if HFD and obesity functions as a trigger or accelerator

for T1D, we used an NOD mouse model of T1D with HFD. To our

surprise, HFD-NOD mice were protected from the development of

diabetes. This protective phenotype was associated with increased

beta-cell mass and glucose-stimulated insulin secretion, alterations in

gut microbiome, increased splenic T-regulatory cells and reduced islet

immune cell infiltration.

T-regulatory cells are important repressors of autoimmunity in

multiple human diseases including T1D.42,43 Deficiencies in

T-regulatory cells are known to initiate autoimmune diabetes in

patients with immunodysregulation polyendocrinopathy enteropathy

X-linked (IPEX) syndrome. Individuals with IPEX are deficient in foxp3

and have dysfunctional T-regulatory cells, resulting in the develop-

ment of T1D in 80% of these individuals before they are 2 years

old.46 In support of the role of T-regulatory cells in the development

of T1D, studies in NOD mice showed that a reduction of T-regulatory

cells accelerates diabetes onset, and treatment with T-regulatory cells

mitigates autoimmune diabetes onset.45,47 These data strongly corre-

late with our findings on the role of T-regulatory cells in protection

from diabetes in HFD-NOD mice, and with the rapid development of

diabetes in HFD-NOD mice with a reduction in T-regulatory cells. The

increase in T-regulatory cells and diminished islet infiltration in the

HFD-NOD mice suggest that HFD alters beta-cell immune response.

Interestingly, our data on HFD-NOD mice correlate with findings in

NOD-liver insulin receptor knockout (NOD-LIRKO) mice, which devel-

oped early insulin resistance, had increased levels of T-regulatory

cells, decreased insulitis, increased beta-cell mass, and were protected

from diabetes. NOD-LIRKO mice also showed lower levels of diabeto-

genic autoantigens, decreased major histocompatibility class I pro-

teins, and that many islet cells produced both glucagon and insulin.48

F IGURE 5 High-fat diet (HFD)
non-obese diabetic (NOD) mice have
altered gut microbiome compared with
standard chow diet (SCD)-NOD mice.
Beta diversity of stool microbiome was
analysed for SCD-NOD (blue) or HFD-
NOD (red) mice at (A) 4, (C) 8 and
(E) 25 weeks of age. Relative
abundance data are depicted for SCD-

NOD and HFD-NOD mice at (B) 4, (D)
8 and (F) 25 weeks of age. N = 3-4
mice/group
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As the HFD model results in insulin resistance-mediated increased

beta mass, further investigation should be carried out to determine if

altered beta-cell identity might be responsible for the immunoregula-

tion in HFD-NOD mice.

Previous studies showed that high-protein (55% protein) and

HFD/high-protein diets (43% fat/38% protein/19% carbohydrate)

accelerated the diabetes onset in NOD mice, and that HFD alone

(39% fat/17% protein/43% carbohydrate) did not induce any effect

on diabetes development.49,50 However, our study showed protection

of diabetes in NOD mice by HFD. It is difficult to compare these stud-

ies directly as the different results could arise from subtle differences

in sources of fat or other components of the diets used, or lower pro-

tein content in our HFD may play a role in protection from diabetes in

HFD-NOD mice. Thus, further studies are needed to examine the

effect of low-protein diets on the development of diabetes. In addi-

tion, our study shows clear differences in the microbiota in HFD-

NOD mice, but the microbiome was not analysed in the other

study. Many studies have shown that changes in gut microbiome can

either potentiate or suppress the development of diabetes in NOD

mice51-55 Interestingly, in germ-free mice, lack of microbial signals

from the gut results in impaired immune tolerance via T-regulatory

cell dysfunction contributing to the development of autoimmunity.56

This poses an interesting possibility that in our model HFD-induced

alteration of the gut microbiome may have altered T-regulatory cell

functionality, resulting in suppression of the islet autoimmune attack.

This may explain why small differences in T cells resulted in T-

regulatory cell-dependent protection from diabetes.

Gut microbiome differences have been shown in individuals

before developing autoimmunity and after developing diabetes, with

respect to individuals without diabetes. In agreement with our finding

in NOD mice, alterations in the gut microbiome, specifically

overabundance of Bacteroidetes, have been shown in humans at risk

for and developing T1D compared with controls.57-59 In our study

HFD-NOD mice showed increased abundance of Verrucomicrobia

compared with SCD-NOD. Interestingly, a previous study showed an

increase in Akkermansia muciniphila, a member of the Verrucomicrobia

phylum, in NOD-resistant mice, and that transfer of A. muciniphila to

NOD mice resulted in decreased blood endotoxin levels, increased

islet T-regulatory cells and delayed diabetes onset.54 Other studies

have shown that changing the gut microbiome by supplementing with

probiotics in human high-risk infants can alter the development of

islet autoimmunity.60 Our data and previous studies in NOD mice sup-

port further investigation of supplementation of the gut microbiome

with members of the Verrucomicrobia phylum, which might support

islet immune tolerance and prevent T1D.

This study provides important insights into the role of HFD in the

development of T1D in NOD mice. We show here that NOD mice are

protected from autoimmune diabetes. In addition, these results

strengthen a body of research suggesting that interventions resulting

in early expansion of beta-cell mass induce decreased islet infiltration

and protect NOD mice from the development of diabetes. Our data

also indicated that dietary alteration of the gut microbiota might play

a significant role in preventing T1D in at risk individuals. Further

studies determining if lowering levels of Bacteroidetes or increaseing

levels of Verrucomicrobia in the gut microbiome are responsible for

HFD immune-mediated protection against development of diabetes in

NOD mice are needed. Therefore, exploration of the role of the gut

microbiome and mechanisms by which HFD prevents the develop-

ment of diabetes in NOD animals may lead to the development of

novel treatments for individuals at high risk for T1D.
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