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Abstract: The contribution of cows’ milk containing beta-casein protein A1 variant to the development
of type 1 diabetes (T1D) has been controversial for decades. Despite epidemiological data
demonstrating a relationship between A1 beta-casein consumption and T1D incidence, direct evidence
is limited. We demonstrate that early life exposure to A1 beta-casein through the diet can modify
progression to diabetes in non-obese diabetic (NOD) mice, with the effect apparent in later generations.
Adult NOD mice from the F0 generation and all subsequent generations (F1 to F4) were fed either
A1 or A2 beta-casein supplemented diets. Diabetes incidence in F0–F2 generations was similar in
both cohorts of mice. However, diabetes incidence doubled in the F3 generation NOD mice fed
an A1 beta-casein supplemented diet. In F4 NOD mice, subclinical insulitis and altered glucose
handling was evident as early as 10 weeks of age in A1 fed mice only. A significant decrease in the
proportion of non-conventional regulatory T cell subset defined as CD4+ CD25− FoxP3+ was evident
in the F4 generation of A1 fed mice. This feeding intervention study demonstrates that dietary A1
beta-casein may affect glucose homeostasis and T1D progression, although this effect takes generations
to manifest.
Keywords: type 1 diabetes; beta-casein; cows’ milk; epigenetics; NOD mice

1. Introduction
Type 1 diabetes (T1D) results from the autoimmune destruction of insulin-producing beta cells
in the pancreatic islets of Langerhans [1–3], culminating in the loss of blood-glucose homeostasis.
T1D poses a serious health problem: the inability to regulate blood glucose levels necessitates
exogenous insulin for survival; however, suboptimal glycemic control may lead to long-term
complications resulting in substantial disability and reduced lifespan [4]. The International Diabetes
Federation estimated that there were 437,500 children that have diabetes worldwide in 2007. Of all
individuals with T1D, 70,000 young children under the age of 14 years, developing per year and the
incidence will rise by 3% globally [5,6]. The data was significant as it comes from a large childhood
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T1D registry of 44 centres representing most countries in Europe [6]. T1D is a global disease, although
there is geographical variation with respect to incidence and prevalence [7]. The cause of geographical
variation could be due to differences in genetic and environmental risk factors [8].
Genetic predisposition, immunological and environmental factors such as dietary factors [9–11],
infections [12], viruses [13] and gut microbiota [14,15] are all involved in the initiation, development
and progression of T1D [5,7,16]. Studies of T1D genetics have revealed that individuals with specific
human leukocyte antigen (HLA) genotypes, HLA DR and HLA DQ genotypes have an increased risk
of developing the disease [17,18]. However, not everyone who has this genetic predisposition develops
T1D, suggesting that environmental factors are needed to trigger and drive the disease [5,19]. Cows’
milk, one of the first foods introduced early to infants, is one such putative environmental factor [20].
Indeed, the identification of T1D-associated autoantibodies as biomarkers of pre-symptomatic disease
in the birth cohort study, Diabetes Autoimmunity Study in the Young (DAISY), found that children
who have the low to moderate HLA-DR genotype paired with a greater dietary intake of cows’ milk
protein may be at an increased risk of developing islet autoimmunity and progression to T1D [21].
More recently, results of a randomized trial to reduce insulin dependent diabetes in the genetically at
risk (TRIGR type 1 diabetes primary prevention pilot study) reported that cows’ milk consumption
was associated with increased risk of beta-cell autoimmunity and T1D in children with genetic
susceptibility [22].
The World Health Organization (WHO) recommends that infants be exclusively breast fed for
six months and breastfeeding should continue beyond the second year to ensure healthy growth
and development [23,24]. Beyond weaning, cows’ milk is introduced into the diets of infants [25].
Cows’ milk itself is introduced into the diet of infants as they age. Beta-casein is one of the major
proteins contained in cows’ milk and constitutes up to 35% of the total protein in cows’ milk [26].
Currently, thirteen beta-casein genetic variants have been identified [27]. The most common are the A1
and A2 genetic variants, the former differing from the latter in one amino acid substitution (Pro67 to
His67 ) [28]. The amino acid substitution is associated with physiochemical properties of A1 beta-casein
digestion at position 67. During in-vivo and in vitro digestion, only the A1 variant produces a seven
amino acid peptide called beta-casomorphin 7 (BCM-7) [29–31]. The impact of BCM-7 on human
disease, in particular T1D, is the subject of intense debate [32–35].
Most compelling is the data analysis by Laugesen and Elliott, which demonstrated a positive
correlation (r = 0.92) between cows’ milk A1 beta-casein supply per-capita and T1D in 19 developed
countries [36]. The 19 countries included in the analysis were the USA, Canada, Venezuela, Oceania
(Australia and New Zealand), East Asia (Japan) and Middle East (Israel). A higher incidence rate was
observed in Finland and Sweden (highest A1 β-casein consumption/per capita) and very low rates
have been found in Venezuela and Japan (lowest A1 β-casein consumption/per capita) [36].
The association between beta-casein consumption and T1D has been investigated in rodent models
although mechanisms have been difficult to define. Two publications highlighted the relationship
between cows’ milk consumption and T1D. Firstly, in 1997, Elliot et al. reported that NOD mice fed a
2% casein supplemented diet at weaning developed T1D at a greater rate than NOD mice fed base
(Pregestimil powder) diet (14.6% versus 1% at 250 days) [37]. Later, in 1997, Elliot et al. reported
that a 28% of female NOD mice fed whole A1 beta-casein developed T1D at 250 days compared
with 2% on the Pregestimil diet [38]. Given the controversy surrounding the purported association
between A1 beta-casein consumption and T1D, we sought to test whether a diet supplemented with
A1 or A2 beta-casein would increase the incidence of T1D in genetically susceptible female NOD mice
over generations.
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2. Materials and Methods
2.1. Animal Experiments
Newly weaned 3–4 week old male and female NOD/ShiLtJArc mice were obtained from the Animal
Recourses Centre, Canning Vale, Western Australia, Australia. Mice were housed in a pathogen-free
environment in the Experimental Medical Surgery Unit, St Vincent’s Hospital, Melbourne. These mice
(designated F0) were immediately separated into two cohorts and fed a nutritionally balanced
milk-based diet containing either the A1 or A2 beta-casein component. The diets were prepared
by Specialty Feeds (Glen Forrest, Western Australia, 6071) (Table 1), in accordance with strict
manufacturing protocols. Feeds were produced every three months and stored under strict temperature
controlled environments, in order to ensure that the quality and freshness of the diets was maintained.
Mice were fed ad libitum and had free access to drinking water. Non-fasting blood glucose levels
(BGLs) were monitored weekly throughout the 30-week study.
All animal experiments in this study were approved by the St. Vincent’s Hospital Animal Ethics
Committee (Melbourne, Australia).
Table 1. The nutrient composition of the experimental A1 and A2 beta-casein supplemented diets
for mice.
Ingredients (g/100 g)

A1A1 Skim Milk Diet

A2A2 Skim Milk Diet

Sucrose
Skim milk powder (as supplement)

25.753
60.528

25.753
60.529

Instruction
COPHA hydrogenated vegetable oil
Palm oil
Safflower oil (High Linoleic)
Flax oil

1.366
3.709
0.787
0.462

Instructions
Cellulose

5.000

Instructions
dl Methionine
A1N_93_Trace minerals
Salt (Fine sodium chloride)
AIN_93_Vitamins
Choline chloride 75% w/w
Red food colour

0.904
0.140
0.100
1.000
0.250
0.001

Instructions
Total

100.000

Standard mixing
1.366
3.709
0.787
0.462
Standard mixing
5.000
Standard mixing
0.904
0.140
0.100
1.000
0.250
Standard mixing
100.000

2.2. Breeding Program
For breeding further generations, 6–8 week old mice were mated. Brother/sister breeding pairs
from the A1- and A2-fed F0 cohort were mated to generate F1 offspring. Similarly, breeding pairs
from the F1 generation were mated to produce the F2 generation. Two further generations (i.e., F3 and
F4) were produced. This resulted in all offspring from F1 to F4 being exposed to either A1 or A2
beta-casein only from conception.
2.3. Blood Glucose Monitoring and Diabetes Incidence
Weekly BGLs were monitored from 6 to 30 weeks of age. Mice were deemed diabetic if they had a
reading of more than 20 mM. Diabetes incidence at any week in time was determined by the formula:
Diabetes incidence =

Number o f mice f ed a particular beta − casein diet with BGL > 20 mM
.
Total number o f mice f ed a particular beta − casein diet

(1)
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2.4. Intraperitoneal Glucose Tolerance Test
Female NOD mice at 10- to 12-weeks old from the F4 generation were made to fast overnight
(12–16 h). The mice were injected intraperitoneally with glucose (2 g/kg body weight). BGLs were
measured from blood samples collected from the tail at 0, 15, 30, 45, 60, 90, and 120 min.
2.5. Insulin Tolerance Test
Insulin (0.75 IU/kg body weight) was administered intraperitoneally into 10-week old female
mice from the F4 generation after a 12-h overnight fast. BGLs were determined from blood samples
obtained from the tail at 0, 15, 30, 45, 60, 90, and 120 min after the injection.
2.6. Immune Profiling
Leukocytes were obtained from peripheral lymphoid organs (spleen, thymus, pancreatic and
mesenteric lymph nodes) and blood. Red blood cells were cleared using 0.9% ammonium chloride
solution. The leukocytes were then washed and spun down and were stained with antibodies for
various leukocyte populations. The antibodies used were as follows: Fc block (anti-mouse FcRγIII/II
mAb, 2.4G2, BD Biosciences, Franklin Lakes, NJ, USA), CD3-FITC (Clone: 17A2, BD Biosciences),
CD4-PeCy5 (Clone: H129.19, BD Biosciences), CD8-APC-Cy7 (Clone: 53-6.7, BD Biosciences),
CD19-PeCy7 (Clone: 1D3, BD Biosciences), CD25-APC-Cy7 (Clone: PC61, BD Biosciences), CD45
Pacific Blue (Clone: 30-F11, Biolegend, San Diego, CA, USA), and F4/80-APC (Clone: BM8, Invitrogen,
Carlsbad, CA, USA). For intracellular FoxP3 staining, cells were incubated with FcRγIII/II, surface
stained for CD4 and CD25, fixed and permeabilised as per manufacturer’s instructions (eBioscience,
Waltham, MA, USA), and stained for FoxP3 (Clone: FJK-16S, eBioscience). Cells were then analysed
using a FACSCanto flow cytometer (BD Biosciences) and Diva software (BD Biosciences). A total of
1 × 106 cells were analysed.
2.7. Treg Suppression Assays
Mouse CD4+ CD25+ Treg and CD4+ CD25− Tresp populations were purified using the CD4+ CD25+
Regulatory T cell isolation kit (Catalog number: 130-091-041) and AUTOMACS (Miltenyi Biotec
Australia, Macquarie Park, NSW, Australia) as per manufacturer’s instructions. Tresp were stained
with CFSE using the CellTrace™ CFSE Cell Proliferation Kit (Molecular Probes™, Thermo Scientific,
Melbourne, VIC, Australia). Accessory cells were irradiated CD4-depleted splenocytes. In each well,
a total of 1 × 105 Tresp cells and 1 × 105 accessory cells were incubated with 1 µg/mL anti-CD3
antibody (WEHI) in complete medium (RPMI-1640 containing Glutamax, 1 mM Pen-Strep, 1 mM
Na-Pyruvate (Gibco™, Thermo Scientific, Melbourne, VIC, Australia), 10% mouse sera and 50 µM
2-mercaptoethanol (Sigma-Aldrich, Castle Hill, NSW, Australia)). To assess suppressive activity,
Treg were co-cultured at Treg: Tresp ratios of 1:1 to 1:16 for 3 days. Following culture, wells were
washed and cells were incubated with anti-mouse CD4-APC Ab (Clone: RM4-5, eBiosciences) at
room temperature. 7AAD (BD Biosciences) was added to exclude dead cells prior to FACS analysis.
CD4+ cells were gated and Tresp proliferation assessed using FlowJo v7.6 Proliferation Platform
(Tree Star, Ashland, OR, USA), on a FACSCanto (BD Biosciences).
2.8. Peptide Extraction from Whole Blood, Lymph Tissues and Mass Spectrometry
Whole blood samples from female NOD mice fed on A1 diet (each generation F0–F4; n = 10)
were collected in vials containing dipeptidyl peptidase -IV inhibitor, immediately aliquoted and
stored at −80 ◦ C until the time of analysis. The peptides were extracted from whole blood using a
previously described procedure [39]. Peptide analysis was carried out on a QExactive plus Orbitrap
mass spectrometer (Thermo Scientific).
Female NOD mice from F0 generation (n = 12) mesenteric and pancreatic lymph nodes were
collected in vials and immediately stored at −80 ◦ C until the time of analysis. In brief, the tissues
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samples were finely diced using a scalpel and then homogenised on ice in 600 µL of ice-cold lysis
buffer (10 mM Tris, pH 7.5; 25 mM KCl; 250 mM sucrose; 1 mM EDTA; 150 mM NaCl; 1 mM PMSF).
The samples were left for 30 min and then spun at 12,000× g for 15 min at 4 ◦ C to pellet any insoluble
material. For peptide recovery, 500 µL of tissue supernatant were mixed with 1 mL of acidic acetonitrile
and acetone, containing individual labelled internal standard for each targeted beta-casomorphin
peptide (BCM-5, BCM-7, and BCM-9). The mixtures were spun at 12,000× g for 15 min at 4 ◦ C and
1200 µL of supernatant from each extract was recovered to a new Lo-bind tube, evaporated to dryness,
and reconstituted for HLB Prime solid phase extraction (SPE) clean-up. Peptides recovered from the
SPE clean-up were again evaporated to dryness and reconstituted for the final analysis by LC-MS/MS
(Sciex 6500 TripleQuad). LC separation was performed on a Water XSelect® HSS T3 2.5 µm column
(2.1 × 50 mm). The mass spectrometer was operated in SRM mode, alternating between detection of
BCM-5, BCM-7, and BCM-9 transition ions.
2.9. Bacterial DNA Preparation
Faecal samples were collected from F0 generation female NOD mice (A1 diet n = 6; A2 diet n = 6)
and stored at −80 ◦ C immediately after collection until further use. Genomic DNA from faeces was
extracted using a QIAamp DNA stool mini kit (Qiagen, Germantown, MD, USA) according to the
manufacturer’s instructions, with some modifications. Briefly, an aliquot (~100 mg) of each fecal
sample was suspended in 1 mL of inhibit EX buffer. Microbial cells were then lysed by mechanical
disruption with a TissueLyser II (Qiagen) for 3 min at 30 Hz. After centrifugation, the supernatant was
digested with proteinase K and DNA was precipitated with ethanol. DNA was further washed and
purified by a QIAamp spin column. DNA was eluted in 0.2 mL of elution buffer ATE. The quality and
quantity of the genomic DNA was measured using the NanoDrop assay. DNA concentrations were
adjusted to 100 ng/µL for subsequent Metagenome shotgun pyrosequencing.
2.10. High-Throughput Sequence Analysis
Sequencing was performed by Macrogen (Seoul, Korea) using paired-end sequencing with read
length 101 nucleotides using TruSeq Nano DNA kit sample library preparation protocol (Part #15041110
Rev. A) on a HiSeq 25000 System (Part #15011190 Rev. V HCS 2.2.70). For each of the six samples from
mice fed the A1 and A2 diets, 8 to 12 million reads were obtained. The data was annotated using the
Centrifuge software and a mapping threshold of 80 nucleotides minimum match length was apply
to filter poor confidence matches [40]. Results were analysed with the R packages Phyloseq [41] and
DESeq2 version 1.2.10 [42,43].
2.11. Histological Staining
Intestinal sections from the jejunum, proximal ileum and distal ileum and pancreatic tissues
of F4 generation NOD mice were collected. These tissues were fixed in 10% phosphate-buffered
formalin overnight at room temperature and embedded in paraffin. Sections (intestinal: 1–2 µm,
pancreatic: 4 µm) were stained with hematoxylin and eosin (H&E; Merck, Darmstadt, Germany) using
standard techniques. H&E-stained tissue sections were visualized and evaluated under a standard
light microscopy using an AxioImager Z1 microscope (Carl Zeiss MicroI-maging, Jena, Germany).
2.12. Statistical Analysis
Results are reported as mean ± standard error of the mean (SEM). Statistical analysis was
performed by one-way ANOVA and Student’s t-test. p < 0.05 was considered a statistical significance
between groups.
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3. Results
3.1. Effect of A1 Beta-Casein Supplemented Diet on Incidence of T1D in NOD Mice
To investigate the potential effects of the A1 and A2 beta-casein on the development of 6T1D,
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4. Discussion
Despite a number of reports demonstrating a positive correlation between dairy consumption
and risk of T1D [36,52,53], conclusive evidence of causation is lacking. This feeding intervention study
demonstrates that the consumption of A1 beta-casein in genetically susceptible mice increases the
incidence of T1D, which only becomes evident in later generations. We chose to study female NOD
mice as these mice have a heightened susceptibility to T1D [54–56] and monitored mice for a number
of generations. Later generations showed an increased incidence of T1D, altered glucose handling and
associated weight loss and a reduction in a non-conventional Treg cell subset.
The main finding in this study was the doubling of T1D incidence in the F3 generation and
presence of subclinical insulitis in 10-week old F4 female NOD mice, suggesting the onset of T1D is
influenced by an epigenetic phenomenon [57,58]. It has been reported that diet alone [59] and diet
and microbiota mediated epigenetic programming can affect the expression of insulin resistance and
insulin signalling genes [60]. In addition to genetic and environmental factors, epigenetic modifications
may contribute to the etio-pathogenesis of T1D, necessitating studies with long follow-up durations
to capture incidence and enable identification of dietary associations. Indeed, inconsistent findings
from some animal studies of A1 beta-casein diet supplementation and T1D associations might be a
consequence of the very long latency for T1D development.
We found a reduction in the CD4+ CD25− Foxp3+ T cell subset. Although not currently described
in the T1D setting, changes in this population have been described in autoimmune systemic lupus
erythematosus during active disease [61,62]. Questions as to their role remain, however these
‘atypical’ Tregs share similar expression profiles with CD4+ CD25+ FoxP3+ Tregs and display some
suppressive capacity [61]. Plasticity in Treg populations subsets has been well described [63] and may
contribute to the differences in proportions of CD4+ CD25+ FoxP3+ and CD4+ CD25− FoxP3+ in this
study. One study described CD4+ CD25− FoxP3+ as a “replenishment pool” that can be recruited and
regain their CD25 expression to help combat autoreactive immune cells following disease onset [64].
Thus, the CD4+ CD25− FoxP3+ increase observed in the A2-fed NOD mice may represent an effort to
regulate autoreactive immune cells. Further investigations are warranted to elucidate the nature of
this T cell subset and their role in T1D.
Following A1 beta-casein milk or supplemented diet intake, the BCM-7 peptide has been detected
in animal and human biofluids [31,65–67]. BCM-7 was not detected in peripheral blood and mesenteric
lymph nodes of NOD mice fed an A1 supplemented diet by mass spectrometry. This may be due to
lower than limit-of-detection levels of BCM-7 in the samples, timing of lymph node retrieval or the
complex blood peptide samples. We are currently investigating whether BCM-7 has a direct effect on
islet development.
Although others have shown changes in gastrointestinal architecture and inflammation after short
periods of exposure to A1 beta-casein [68], we did not see such changes, even in the fifth generation of
mice. The different rodent strains may account for these disparate findings—where the other studies
were performed with male Swiss albino mice [69] and Wistar rats [70], our study utilised NOD mice.
Recently, it was reported that casein supplemented diets modulate the composition of rat gut
bacteria [71,72]. The rats fed with casein had a higher abundance of Bacteroidetes at phylum level [72].
At the family level, the composition of bacteria had lowest abundance of Lactobacillaceae and highest
of Lachnospiraceae [72]. The Lactobacillaceae members have been proposed to play a key role in host
metabolic homeostasis by protecting the gut integrity against pathogens disruption and can reduce
inflammation [72]. Intestinal inflammation is a recognised trigger of T1D [51]. We did not observe a
significant change in gastrointestinal microbiome composition in F0 generation of mice, and due to
funding limitations we did not collect faecal samples in the generations in which increased diabetes
incidence was observed. Faecal samples from the later generations in which diabetes incidence was
increased would provide greater insight into the potential role of the microbiome in the onset of T1D.
A positive association between food allergy and Helicobacter pylori infection has been reported [73],
and children with H. pylori infection have been shown to exhibit elevated IgE responses to cow’s
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5. Conclusions

The data presented in this study are provocative and suggest an interaction between dietary
protein consumption and the incidence of T1D that differs across generations in NOD mice. This study,

Nutrients 2018, 10, 1291

11 of 15

alongside others [36–38,83–86], raises questions regarding widespread consumption and timing of
introduction of A1 beta-casein in early childhood. Many other environmental factors, such as infections,
air pollution, vaccines, location of residence, family environment and stress [87], have been postulated
as potential environmental triggers [11]. It is feasible that a combination of environmental triggers
in the genetically susceptible host is required. Because cows’ milk is the only alternative source of
nutrition after breast milk for neonatal feeding in the general population, definitive testing of the
hypothesis is clearly warranted.
Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/10/9/1291/s1,
Figure S1: Treg-mediated suppression in the F4 generation NOD mice, and Figure S2: The diversity of gut bacteria
in faecal contents level of A1 and A2 beta-casein fed F0 NOD mice according to several diversity indices.
Author Contributions: Conceptualization, S.K. and K.M.D.; Methodology, J.S.J.C., J.L.M., A.K.E. and C.M.L.;
Formal Analysis, J.S.J.C., J.L.M., A.K.E., C.M.L., S.K. and K.M.D.; Investigation, J.S.J.C., J.L.M., A.K.E. and
C.M.L.; Resources, J.S.J.C. and J.L.M.; Data Curation, J.S.J.C., J.L.M., A.K.E. and C.M.L.; Writing—Original Draft
Preparation, A.K.E. and K.M.D.; Writing—Review and Editing, J.S.J.C., J.L.M., A.K.E., C.M.L., S.K. and K.M.D.;
Supervision, S.K. and K.M.D.; Project Administration, S.K. and K.M.D.; Funding Acquisition, S.K. and K.M.D.
Funding: This work was supported through an Innovation Connections Grant (ICG number: RC54051) of the
Department of Industry, Innovation and Science, Australia and funding from a2 Infant Nutrition Australia Private
Limited, Sydney, NSW, Australia.
Conflicts of Interest: Sonja Kukuljan was a previous salaried employee of a2 Infant Nutrition Australia Private
Limited. The remaining authors declare no conflict of interest.

References
1.
2.
3.
4.
5.
6.

7.

8.

9.
10.
11.
12.

13.

Jeker, L.T.; Bour-Jordan, H.; Bluestone, J.A. Breakdown in peripheral tolerance in type 1 diabetes in mice and
humans. Cold Spring Harb. Perspect. Med. 2012, 2, a007807. [CrossRef] [PubMed]
Mathis, D.; Vence, L.; Benoist, C. beta-Cell death during progression to diabetes. Nature 2001, 414, 792–798.
[CrossRef] [PubMed]
Atkinson, M.A.; Eisenbarth, G.S.; Michels, A.W. Type 1 diabetes. Lancet 2014, 383, 69–82. [CrossRef]
Polychronakos, C.; Li, Q. Understanding type 1 diabetes through genetics: Advances and prospects.
Nat. Rev. Genet. 2011, 12, 781–792. [CrossRef] [PubMed]
Burn, P. Type 1 diabetes. Nat. Rev. Drug Discov. 2010, 9, 187–188. [CrossRef] [PubMed]
Patterson, C.C.; Dahlquist, G.G.; Gyurus, E.; Green, A.; Soltesz, G. Incidence trends for childhood type 1
diabetes in Europe during 1989–2003 and predicted new cases 2005-20: A multicentre prospective registration
study. Lancet 2009, 373, 2027–2033. [CrossRef]
Katsarou, A.; Gudbjornsdottir, S.; Rawshani, A.; Dabelea, D.; Bonifacio, E.; Anderson, B.J.; Jacobsen, L.M.;
Schatz, D.A.; Lernmark, A. Type 1 diabetes mellitus. Nat. Rev. Dis. Primers 2017, 3, 17016. [CrossRef]
[PubMed]
Delli, A.J.; Lernmark, Å. Chapter 39–Type 1 (Insulin-Dependent) Diabetes Mellitus: Etiology, Pathogenesis,
Prediction, and Prevention. In Endocrinology: Adult and Pediatric, 7 ed.; Jameson, J.L., De Groot, L.J.,
de Kretser, D.M., Giudice, L.C., Grossman, A.B., Melmed, S., Potts, J.T., Weir, G.C., Eds.; W.B. Saunders:
Philadelphia, PA, USA, 2016; pp. 672–690. [CrossRef]
Bluestone, J.A.; Herold, K.; Eisenbarth, G. Genetics, pathogenesis and clinical interventions in type 1 diabetes.
Nature 2010, 464, 1293–1300. [CrossRef] [PubMed]
Nielsen, D.S.; Krych, L.; Buschard, K.; Hansen, C.H.; Hansen, A.K. Beyond genetics. Influence of dietary
factors and gut microbiota on type 1 diabetes. FEBS Lett. 2014, 588, 4234–4243. [CrossRef] [PubMed]
Rewers, M.; Ludvigsson, J. Environmental risk factors for type 1 diabetes. Lancet 2016, 387, 2340–2348.
[CrossRef]
Mustonen, N.; Siljander, H.; Peet, A.; Tillmann, V.; Harkonen, T.; Ilonen, J.; Hyoty, H.; Knip, M. Early
childhood infections precede development of beta-cell autoimmunity and type 1 diabetes in children with
HLA-conferred disease risk. Pediatr. Diabetes 2017. [CrossRef] [PubMed]
Zhao, G.; Vatanen, T.; Droit, L.; Park, A.; Kostic, A.D.; Poon, T.W.; Vlamakis, H.; Siljander, H.; Harkonen, T.;
Hamalainen, A.M.; et al. Intestinal virome changes precede autoimmunity in type I diabetes-susceptible
children. Proc. Natl. Acad. Sci. USA 2017, 114, E6166–E6175. [CrossRef] [PubMed]

Nutrients 2018, 10, 1291

14.

15.

16.
17.

18.

19.
20.

21.

22.

23.
24.

25.
26.
27.
28.

29.

30.

31.

32.
33.

12 of 15

Kostic, A.D.; Gevers, D.; Siljander, H.; Vatanen, T.; Hyotylainen, T.; Hamalainen, A.M.; Peet, A.; Tillmann, V.;
Poho, P.; Mattila, I.; et al. The dynamics of the human infant gut microbiome in development and in
progression toward type 1 diabetes. Cell Host Microbe 2015, 17, 260–273. [CrossRef] [PubMed]
Wen, L.; Ley, R.E.; Volchkov, P.Y.; Stranges, P.B.; Avanesyan, L.; Stonebraker, A.C.; Hu, C.; Wong, F.S.;
Szot, G.L.; Bluestone, J.A.; et al. Innate immunity and intestinal microbiota in the development of Type 1
diabetes. Nature 2008, 455, 1109–1113. [CrossRef] [PubMed]
Herold, K.C.; Vignali, D.A.A.; Cooke, A.; Bluestone, J.A. Type I Diabetes: Translating Mechanistic
Observations into Effective Clinical Outcomes. Nat. Rev. Immunol. 2013, 13, 243–256. [CrossRef] [PubMed]
Ziegler, A.G.; Rewers, M.; Simell, O.; Simell, T.; Lempainen, J.; Steck, A.; Winkler, C.; Ilonen, J.; Veijola, R.;
Knip, M.; et al. Seroconversion to multiple islet autoantibodies and risk of progression to diabetes in children.
JAMA 2013, 309, 2473–2479. [CrossRef] [PubMed]
Krischer, J.P.; Lynch, K.F.; Schatz, D.A.; Ilonen, J.; Lernmark, A.; Hagopian, W.A.; Rewers, M.J.; She, J.X.;
Simell, O.G.; Toppari, J.; et al. The 6 year incidence of diabetes-associated autoantibodies in genetically
at-risk children: The TEDDY study. Diabetologia 2015, 58, 980–987. [CrossRef] [PubMed]
Knip, M.; Simell, O. Environmental Triggers of Type 1 Diabetes. Cold Spring Harb. Perspect. Med. 2012, 2,
a007690. [CrossRef] [PubMed]
Chia, J.S.J.; McRae, J.L.; Kukuljan, S.; Woodford, K.; Elliott, R.B.; Swinburn, B.; Dwyer, K.M. A1 beta-casein
milk protein and other environmental pre-disposing factors for type 1 diabetes. Nutr. Diabetes 2017, 7, e274.
[CrossRef] [PubMed]
Lamb, M.M.; Miller, M.; Seifert, J.A.; Frederiksen, B.; Kroehl, M.; Rewers, M.; Norris, J.M. The effect of
childhood cow’s milk intake and HLA-DR genotype on risk of islet autoimmunity and type 1 diabetes:
The Diabetes Autoimmunity Study in the Young. Pediatr. Diabetes 2015, 16, 31–38. [CrossRef] [PubMed]
Knip, M.; Virtanen, S.M.; Seppa, K.; Ilonen, J.; Savilahti, E.; Vaarala, O.; Reunanen, A.; Teramo, K.;
Hamalainen, A.M.; Paronen, J.; et al. Dietary intervention in infancy and later signs of beta-cell autoimmunity.
N. Engl. J. Med. 2010, 363, 1900–1908. [CrossRef] [PubMed]
Kramer, M.S.; Kakuma, R. The optimal duration of exclusive breastfeeding: A systematic review. Adv. Exp.
Med. Biol. 2004, 554, 63–77. [PubMed]
Chowdhury, R.; Sinha, B.; Sankar, M.J.; Taneja, S.; Bhandari, N.; Rollins, N.; Bahl, R.; Martines, J. Breastfeeding
and maternal health outcomes: A systematic review and meta-analysis. Acta Paediatr. 2015, 104, 96–113.
[CrossRef] [PubMed]
Haug, A.; Hostmark, A.T.; Harstad, O.M. Bovine milk in human nutrition—A review. Lipids Health Dis. 2007,
6, 25. [CrossRef] [PubMed]
Huppertz, T.; Fox, P.F.; Kelly, A.L. 3–The caseins: Structure, stability, and functionality A2–Yada, Rickey Y.
In Proteins in Food Processing, 7th ed.; Woodhead Publishing: Cambridge, UK, 2018; pp. 49–92.
Kaminski, S.; Cieslinska, A.; Kostyra, E. Polymorphism of bovine beta-casein and its potential effect on
human health. J. Appl. Genet. 2007, 48, 189–198. [CrossRef] [PubMed]
De Noni, R.J.; FitzGerald, H.J.T.; Korhonen, Y.; Le Roux, C.T.; Livesey, I.; Thorsdottir, D.; Tomé, R.W. Scientific
Report of EFSA prepared by a DATEX Working Group on the potential health impact of β-casomorphins
and related peptides. Eur. Food Saf. Auth. 2009, 231, 1–107.
Brantl, V.; Teschemacher, H.; Henschen, A.; Lottspeich, F. Novel opioid peptides derived from casein
(beta-casomorphins). I. Isolation from bovine casein peptone. Hoppe-Seyler Z. Physiol. Chem. 1979, 360,
1211–1216. [CrossRef] [PubMed]
Henschen, A.; Lottspeich, F.; Brantl, V.; Teschemacher, H. Novel opioid peptides derived from casein
(beta-casomorphins). II. Structure of active components from bovine casein peptone. Hoppe-Seyler Z.
Physiol. Chem. 1979, 360, 1217–1224. [PubMed]
Boutrou, R.; Gaudichon, C.; Dupont, D.; Jardin, J.; Airinei, G.; Marsset-Baglieri, A.; Benamouzig, R.; Tome, D.;
Leonil, J. Sequential release of milk protein-derived bioactive peptides in the jejunum in healthy humans.
Am. J. Clin. Nutr. 2013, 97, 1314–1323. [CrossRef] [PubMed]
Clemens, R.A. Milk A1 and A2 peptides and diabetes. Nestle Nutr. Workshop Ser. Paediatr. Prog. 2011, 67,
187–195. [CrossRef]
Elliott, R.B.; Harris, D.P.; Hill, J.P.; Bibby, N.J.; Wasmuth, H.E. Type I (insulin-dependent) diabetes mellitus
and cow milk: Casein variant consumption. Diabetologia 1999, 42, 292–296. [CrossRef] [PubMed]

Nutrients 2018, 10, 1291

34.
35.
36.
37.
38.

39.

40.
41.
42.
43.
44.

45.

46.
47.

48.

49.
50.
51.

52.
53.
54.
55.

13 of 15

Knip, M. Environmental triggers and determinants of beta-cell autoimmunity and type 1 diabetes. Rev. Endocr.
Metab. Disord. 2003, 4, 213–223. [CrossRef] [PubMed]
Harrison, L.C.; Honeyman, M.C. Cow’s milk and type 1 diabetes: The real debate is about mucosal immune
function. Diabetes 1999, 48, 1501–1507. [CrossRef] [PubMed]
Laugesen, M.; Elliott, R. Ischaemic heart disease, Type 1 diabetes, and cow milk A1 beta-casein. N. Zeal. Med. J.
2003, 116, U295.
Elliott, R.B.; Reddy, S.N.; Bibby, N.J.; Kida, K. Dietary prevention of diabetes in the non-obese diabetic mouse.
Diabetologia 1988, 31, 62–64. [PubMed]
Elliott, R.B.; Wasmuth, W.H.; Bibby, N.J.; Hill, J.P. The role of β-casein variants in the induction of
insulin-dependent diabetes in the non-obese diabetic mouse and humans. In Milk Protein Polymorphism;
IDF Special Issue No. 9702; Food and Agriculture Organization: Brussels, Belgium, 1997; pp. 445–453.
Johnsen, E.; Leknes, S.; Wilson, S.R.; Lundanes, E. Liquid chromatography-mass spectrometry platform for
both small neurotransmitters and neuropeptides in blood, with automatic and robust solid phase extraction.
Sci. Rep. 2015, 5, 9308. [CrossRef] [PubMed]
Kim, D.; Song, L.; Breitwieser, F.P.; Salzberg, S.L. Centrifuge: Rapid and sensitive classification of
metagenomic sequences. Genome Res. 2016, 26, 1721–1729. [CrossRef] [PubMed]
McMurdie, P.J.; Holmes, S. Phyloseq: An R package for reproducible interactive analysis and graphics of
microbiome census data. PLoS ONE 2013, 8, e61217. [CrossRef] [PubMed]
Love, M.; Anders, S.; Huber, W. Differential Analysis of Count Data–The deseq2 Package. Genome Biol. 2014,
15, 10–1186.
Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data
with DESeq2. Genome Biol. 2014, 15, 550. [CrossRef] [PubMed]
Brusko, T.; Wasserfall, C.; McGrail, K.; Schatz, R.; Viener, H.L.; Schatz, D.; Haller, M.; Rockell, J.; Gottlieb, P.;
Clare-Salzler, M.; et al. No alterations in the frequency of FOXP3+ regulatory T-cells in type 1 diabetes.
Diabetes 2007, 56, 604–612. [CrossRef] [PubMed]
Brusko, T.M.; Wasserfall, C.H.; Clare-Salzler, M.J.; Schatz, D.A.; Atkinson, M.A. Functional defects and the
influence of age on the frequency of CD4+ CD25+ T-cells in type 1 diabetes. Diabetes 2005, 54, 1407–1414.
[CrossRef] [PubMed]
Lindley, S.; Dayan, C.M.; Bishop, A.; Roep, B.O.; Peakman, M.; Tree, T.I. Defective suppressor function in
CD4+ CD25+ T-cells from patients with type 1 diabetes. Diabetes 2005, 54, 92–99. [CrossRef] [PubMed]
Ryba-Stanislawowska, M.; Rybarczyk-Kapturska, K.; Mysliwiec, M.; Mysliwska, J. Elevated levels of serum
IL-12 and IL-18 are associated with lower frequencies of CD4+ CD25high FOXP3+ regulatory t cells in young
patients with type 1 diabetes. Inflammation 2014, 37, 1513–1520. [CrossRef] [PubMed]
Haseda, F.; Imagawa, A.; Murase-Mishiba, Y.; Terasaki, J.; Hanafusa, T. CD4+ CD45RA− FoxP3high activated
regulatory T cells are functionally impaired and related to residual insulin-secreting capacity in patients
with type 1 diabetes. Clin. Exp. Immunol. 2013, 173, 207–216. [CrossRef] [PubMed]
Davies, H.D.; McGeer, A.; Schwartz, B.; Green, K.; Cann, D.; Simor, A.E.; Low, D.E. Invasive Group A
Streptococcal Infections in Ontario, Canada. N. Engl. J. Med. 1996, 335, 547–554. [CrossRef] [PubMed]
Hughes, J.M.; Wilson, M.E.; Wertheim, H.F.L.; Nghia, H.D.T.; Taylor, W.; Schultsz, C. Streptococcus suis:
An Emerging Human Pathogen. Clin. Infect. Dis. 2009, 48, 617–625. [CrossRef]
Vaarala, O.; Atkinson, M.A.; Neu, J. The “perfect storm” for type 1 diabetes: The complex interplay between
intestinal microbiota, gut permeability, and mucosal immunity. Diabetes 2008, 57, 2555–2562. [CrossRef]
[PubMed]
Scott, F.W. Cow milk and insulin-dependent diabetes mellitus: Is there a relationship? Am. J. Clin. Nutr.
1990, 51, 489–491. [CrossRef] [PubMed]
Dahl-Jorgensen, K.; Joner, G.; Hanssen, K.F. Relationship between cows’ milk consumption and incidence of
IDDM in childhood. Diabetes Care 1991, 14, 1081–1083. [CrossRef] [PubMed]
Pozzilli, P.; Signore, A.; Williams, A.J.; Beales, P.E. NOD mouse colonies around the world–recent facts and
figures. Immunol. Today 1993, 14, 193–196. [CrossRef]
Markle, J.G.; Frank, D.N.; Mortin-Toth, S.; Robertson, C.E.; Feazel, L.M.; Rolle-Kampczyk, U.; von Bergen, M.;
McCoy, K.D.; Macpherson, A.J.; Danska, J.S. Sex differences in the gut microbiome drive hormone-dependent
regulation of autoimmunity. Science 2013, 339, 1084–1088. [CrossRef] [PubMed]

Nutrients 2018, 10, 1291

56.
57.
58.
59.

60.

61.

62.

63.
64.

65.

66.

67.

68.
69.

70.

71.
72.

73.
74.
75.

14 of 15

Pearson, J.A.; Wong, F.S.; Wen, L. The importance of the Non Obese Diabetic (NOD) mouse model in
autoimmune diabetes. J. Autoimmun. 2016, 66, 76–88. [CrossRef] [PubMed]
Jerram, S.T.; Dang, M.N.; Leslie, R.D. The Role of Epigenetics in Type 1 Diabetes. Curr. Diabetes Rep. 2017, 17,
89. [CrossRef] [PubMed]
Dang, M.N.; Buzzetti, R.; Pozzilli, P. Epigenetics in autoimmune diseases with focus on type 1 diabetes.
Diabetes/Metab. Res. Rev. 2013, 29, 8–18. [CrossRef] [PubMed]
Huypens, P.; Sass, S.; Wu, M.; Dyckhoff, D.; Tschop, M.; Theis, F.; Marschall, S.; de Angelis, M.H.; Beckers, J.
Epigenetic germline inheritance of diet-induced obesity and insulin resistance. Nat. Genet. 2016, 48, 497–499.
[CrossRef] [PubMed]
Krautkramer, K.A.; Kreznar, J.H.; Romano, K.A.; Vivas, E.I.; Barrett-Wilt, G.A.; Rabaglia, M.E.; Keller, M.P.;
Attie, A.D.; Rey, F.E.; Denu, J.M. Diet-Microbiota Interactions Mediate Global Epigenetic Programming in
Multiple Host Tissues. Mol. Cell 2016, 64, 982–992. [CrossRef] [PubMed]
Bonelli, M.; Savitskaya, A.; Steiner, C.W.; Rath, E.; Smolen, J.S.; Scheinecker, C. Phenotypic and functional
analysis of CD4+ CD25− Foxp3+ T cells in patients with systemic lupus erythematosus. J. Immunol. 2009, 182,
1689–1695. [CrossRef] [PubMed]
Yang, H.X.; Zhang, W.; Zhao, L.D.; Li, Y.; Zhang, F.C.; Tang, F.L.; He, W.; Zhang, X. Are CD4+ CD25− Foxp3+
cells in untreated new-onset lupus patients regulatory T cells? Arthritis Res. Ther. 2009, 11, R153. [CrossRef]
[PubMed]
DuPage, M.; Bluestone, J.A. Harnessing the plasticity of CD4+ T cells to treat immune-mediated disease.
Nat. Rev. Immunol. 2016, 16, 149–163. [CrossRef] [PubMed]
Zelenay, S.; Lopes-Carvalho, T.; Caramalho, I.; Moraes-Fontes, M.F.; Rebelo, M.; Demengeot, J. Foxp3+
CD25− CD4 T cells constitute a reservoir of committed regulatory cells that regain CD25 expression upon
homeostatic expansion. Proc. Natl. Acad. Sci. USA 2005, 102, 4091–4096. [CrossRef] [PubMed]
Svedberg, J.; de Haas, J.; Leimenstoll, G.; Paul, F.; Teschemacher, H. Demonstration of beta-casomorphin
immunoreactive materials in in vitro digests of bovine milk and in small intestine contents after bovine milk
ingestion in adult humans. Peptides 1985, 6, 825–830. [CrossRef]
Umbach, M.; Teschemacher, H.; Praetorius, K.; Hirschhauser, R.; Bostedt, H. Demonstration of a
beta-casomorphin immunoreactive material in the plasma of newborn calves after milk intake. Regul. Pept.
1985, 12, 223–230. [CrossRef]
Barbé, F.; Le Feunteun, S.; Rémond, D.; Ménard, O.; Jardin, J.; Henry, G.; Laroche, B.; Dupont, D. Tracking
the in vivo release of bioactive peptides in the gut during digestion: Mass spectrometry peptidomic
characterization of effluents collected in the gut of dairy matrix fed mini-pigs. Food Res. Int. 2014, 63,
147–156. [CrossRef]
Brooke-Taylor, S.; Dwyer, K.; Woodford, K.; Kost, N. Systematic Review of the Gastrointestinal Effects of A1
Compared with A2 beta-Casein. Adv. Nutr. 2017, 8, 739–748. [CrossRef] [PubMed]
Ul Haq, M.R.; Kapila, R.; Sharma, R.; Saliganti, V.; Kapila, S. Comparative evaluation of cow beta-casein
variants (A1/A2) consumption on Th2-mediated inflammatory response in mouse gut. Eur. J. Nutr. 2014, 53,
1039–1049. [CrossRef] [PubMed]
Barnett, M.P.; McNabb, W.C.; Roy, N.C.; Woodford, K.B.; Clarke, A.J. Dietary A1 beta-casein affects
gastrointestinal transit time, dipeptidyl peptidase-4 activity, and inflammatory status relative to A2
beta-casein in Wistar rats. Int. J. Food Sci. Nutr. 2014, 65, 720–727. [CrossRef] [PubMed]
Zhu, Y.; Lin, X.; Zhao, F.; Shi, X.; Li, H.; Li, Y.; Zhu, W.; Xu, X.; Li, C.; Zhou, G. Meat, dairy and plant proteins
alter bacterial composition of rat gut bacteria. Sci. Rep. 2015, 5, 15220. [CrossRef] [PubMed]
Zhu, Y.; Lin, X.; Li, H.; Li, Y.; Shi, X.; Zhao, F.; Xu, X.; Li, C.; Zhou, G. Intake of Meat Proteins Substantially
Increased the Relative Abundance of Genus Lactobacillus in Rat Feces. PLoS ONE 2016, 11, e0152678.
[CrossRef] [PubMed]
Ma, Z.F.; Majid, N.A.; Yamaoka, Y.; Lee, Y.Y. Food Allergy and Helicobacter pylori Infection: A Systematic
Review. Front. Microbiol. 2016, 7, 368. [CrossRef] [PubMed]
Kolho, K.L.; Haapaniemi, A.; Haahtela, T.; Rautelin, H. Helicobacter pylori and specific immunoglobulin E
antibodies to food allergens in children. J. Pediatr. Gastroenterol. Nutr. 2005, 40, 180–183. [CrossRef] [PubMed]
Pozzilli, P. Beta-casein in cow’s milk: A major antigenic determinant for type 1 diabetes? J. Endocrinol. Investig.
1999, 22, 562–567. [CrossRef]

Nutrients 2018, 10, 1291

76.

77.

78.

79.
80.
81.
82.

83.
84.

85.

86.

87.

15 of 15

Inman, L.R.; McAllister, C.T.; Chen, L.; Hughes, S.; Newgard, C.B.; Kettman, J.R.; Unger, R.H.; Johnson, J.H.
Autoantibodies to the GLUT-2 glucose transporter of beta cells in insulin-dependent diabetes mellitus of
recent onset. Proc. Natl. Acad. Sci. USA 1993, 90, 1281–1284. [CrossRef] [PubMed]
Monetini, L.; Barone, F.; Stefanini, L.; Petrone, A.; Walk, T.; Jung, G.; Thorpe, R.; Pozzilli, P.; Cavallo, M.G.
Establishment of T cell lines to bovine beta-casein and beta-casein-derived epitopes in patients with type 1
diabetes. J. Endocrinol. 2003, 176, 143–150. [CrossRef] [PubMed]
Kar, S.K.; Jansman, A.J.M.; Benis, N.; Ramiro-Garcia, J.; Schokker, D.; Kruijt, L.; Stolte, E.H.;
Taverne-Thiele, J.J.; Smits, M.A.; Wells, J.M. Dietary protein sources differentially affect microbiota, mTOR
activity and transcription of mTOR signaling pathways in the small intestine. PLoS ONE 2017, 12, e0188282.
[CrossRef] [PubMed]
Wu, H.; Deng, Y.; Feng, Y.; Long, D.; Ma, K.; Wang, X.; Zhao, M.; Lu, L.; Lu, Q. Epigenetic regulation in B-cell
maturation and its dysregulation in autoimmunity. Cell. Mol. Immunol. 2018. [CrossRef] [PubMed]
Dalgleish, D.G.; Corredig, M. The structure of the casein micelle of milk and its changes during processing.
Annu. Rev. Food Sci. Technol. 2012, 3, 449–467. [CrossRef] [PubMed]
De Kruif, C.G.; Huppertz, T. Casein micelles: Size distribution in milks from individual cows. J. Agric. Food Chem.
2012, 60, 4649–4655. [CrossRef] [PubMed]
Raynes, J.K.; Day, L.; Augustin, M.A.; Carver, J.A. Structural differences between bovine A(1) and A(2)
beta-casein alter micelle self-assembly and influence molecular chaperone activity. J. Dairy Sci. 2015, 98,
2172–2182. [CrossRef] [PubMed]
Gerstein, H.C.; VanderMeulen, J. The relationship between cow’s milk exposure and type 1 diabetes. Diabet.
Med. 1996, 13, 23–29. [CrossRef]
Virtanen, S.M.; Hypponen, E.; Laara, E.; Vahasalo, P.; Kulmala, P.; Savola, K.; Rasanen, L.; Aro, A.; Knip, M.;
Akerblom, H.K. Cow’s milk consumption, disease-associated autoantibodies and type 1 diabetes mellitus:
A follow-up study in siblings of diabetic children. Childhood Diabetes in Finland Study Group. Diabet. Med.
1998, 15, 730–738. [CrossRef]
Birgisdottir, B.E.; Hill, J.P.; Harris, D.P.; Thorsdottir, I. Variation in consumption of cow milk proteins and
lower incidence of Type 1 diabetes in Iceland vs the other 4 Nordic countries. Diabetes Nutr. Metab. 2002, 15,
240–245. [PubMed]
Beales, P.E.; Elliott, R.B.; Flohe, S.; Hill, J.P.; Kolb, H.; Pozzilli, P.; Wang, G.S.; Wasmuth, H.; Scott, F.W.
A multi-centre, blinded international trial of the effect of A(1) and A(2) beta-casein variants on diabetes
incidence in two rodent models of spontaneous Type I diabetes. Diabetologia 2002, 45, 1240–1246. [CrossRef]
[PubMed]
Butalia, S.; Kaplan, G.G.; Khokhar, B.; Rabi, D.M. Environmental Risk Factors and Type 1 Diabetes:
Past, Present, and Future. Can. J. Diabetes 2016, 40, 586–593. [CrossRef] [PubMed]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

