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Abstract Type 1 diabetes (T1D) is an autoimmune dis-

ease that has increased two- to threefold over the past half

century by as yet unknown means. It is generally accepted

that T1D is the result of gene–environment interactions, but

such rapid increases in incidence are not explained by

Mendelian inheritance. There have been numerous advan-

ces in our knowledge of the pathogenesis of T1D. Indeed,

there has been a large number of genes identified that

contribute to risk for this disease and several environmental

factors have been proposed. The complexity of such

interactions is yet to be understood for any major chronic

disease. Epigenetic regulation is one way to explain the

rapid increase in incidence and could be a central mecha-

nism by which environmental factors influence develop-

ment of diabetes. However, there is remarkably little

known about the contribution of epigenetics to T1D path-

ogenesis. Here we speculate on various candidate processes

and molecules of the immune and endocrine systems that

could modify risk for T1D through epigenetic regulation.

Introduction

Type 1 diabetes (T1D) is a T-cell-mediated autoimmune

disease that develops in genetically susceptible individuals

whose immune system destroys the majority of insulin-

secreting b cells in the pancreatic islets (Eizirik et al.

2009). The incidence of T1D has increased more than two-

to threefold over the past half century, the most striking

example being Finland where it has risen from approxi-

mately 12 to 63/100,000 (Knip and Siljander 2008; Patt-

erson et al. 2009). This increase in incidence has not been

paralleled by an increase in the frequency of the major risk

genes, including MHC class II (DR, DQ), insulin, PTPN22,

CTLA4, and IL-rRA (Barrett et al. 2009). Indeed, the

prevalence of the classic MHC class II genes, which

account for approximately 40% of genetic risk, appears to

be decreasing (Fourlanos et al. 2008; Gillespie et al. 2004).

There are now more than 40 risk loci associated with T1D,

with the majority of non-MHC genes displaying odds ratios

B1.2 (Barrett et al. 2009). Moreover, most individuals who

possess T1D risk genes do not develop diabetes. Impor-

tantly, the concordance rate among monozygotic twins

ranges from as low as 25 to 65% (Hyttinen et al. 2003;

Redondo et al. 1999, 2008) and is approximately 6% in

siblings. A common explanation has been that changes in

the environment must be contributing to the increase in

disease (Knip et al. 2005; Lefebvre et al. 2006). In par-

ticular, environmental exposures to dietary antigens and

microbes have been implicated (Knip et al. 2005; Lefebvre

et al. 2006). However, no single pathogenic environmental

agent has been identified that explains all cases. In all
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likelihood, diabetes develops by various combinations of

pathways in response to commonly encountered environ-

mental exposures.

One way to address this complexity is to focus on

central processes that control gene expression in response

to environmental conditions. Epigenetic regulation is one

such process by which mammals respond to environmental

exposures (Jirtle and Skinner 2007). Although the com-

plexity of the epigenome presents a formidable barrier to

the study of its role in disease pathogenesis, a starting place

could be to focus on epigenetic mechanisms that regulate

candidate molecules and processes involved in b-cell

development, survival, regeneration, and autoimmune

reactions (Fig. 1). The purpose of this review is to

highlight potential processes and targets that could be

regulated epigenetically and help explain how environ-

mental factors promote or inhibit the development of T1D.

Epigenetic mechanisms

Epigenetics provides a mechanism by which environment

can interact with identical genotypes to produce a variety

of phenotypes. Although the DNA sequence is not chan-

ged, the phenotype is altered by epigenetic modifications of

gene expression by mechanisms including methylation of

DNA, post-translational modification of histones, or the

activation of microRNAs (Wolffe and Matzke 1999).

These modifications have the potential to be stable and

heritable across cell divisions (Barski et al. 2007; Meissner

et al. 2008; Wang et al. 2008). Changes to phenotype can

be at the level of the cell, tissue, or whole organism.

The epigenome is modified in a number of different

ways. The methylation of cytosine in CpG dinucleotides to

form 5-methylcytosine has been well studied and is often

associated with gene silencing (Bird 2002). Post-transla-

tional covalent histone modifications, including acetyla-

tion, methylation, phosphorylation, and ubiquitination,

regulate gene silencing or expression (Bernstein et al.

2007). For example, lysine acetylation of histones H3 and

H4 is commonly associated with an open chromatin con-

formation that allows for active gene expression, as does

methylation of H3 lys4 (H3K4) and lys36 (H3K36),

whereas H3 and H4 hypoacetylation and methylation of H3

lys9 (H3K9), H3 lys27 (H3K27), and H4 lys20 (H4K20)

are associated with gene silencing (Bernstein et al. 2007).

A third mechanism involves the expression of short non-

coding RNAs, whose expression can lead to translational

silencing through the specific binding and eventual degra-

dation of transcribed RNA (Bernstein and Allis 2005).

Despite considerable support for the involvement of envi-

ronment in the expression of T1D (Knip et al. 2005; Le-

febvre et al. 2006), evidence is scant regarding epigenetic

mechanisms involved in T1D pathogenesis.

Epigenetics: a control mechanism for environmental

modification of T1D?

The strongest evidence that environmental factors are

important modifiers of T1D has been the lack of 100%

concordance in twin pairs. Studies in monozygotic twins

suggest that while genetics plays a significant role in the

development of autoimmune type 1 diabetes, it is not

sufficient to explain 35–75% of cases (Hyttinen et al. 2003;

Redondo et al. 1999, 2008).

Fig. 1 Processes and genes potentially involved in environmental

modification of T1D genetic risk. There are numerous risk genes for

T1D, some of which could be modified by environmental exposures,

the major factors being diet and microbes. The technology is

becoming available to explore the epigenomes of selected molecules

involved in T1D pathogenesis. The regulation of these key genes

would be most evident in young high-risk individuals. It is difficult to

access immune cells in the pancreatic islet infiltrate and the target b
cells in human patients. Nonetheless, studies in peripheral blood

mononuclear cells and pancreas sections from patients could reveal

disease-specific epigenetic regulation of key genes. These targets

could also be investigated in animal models of T1D
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There is evidence that genetically identical twins can

vary significantly in terms of DNA methylation content and

histone modifications (Fraga et al. 2005). While 65% of

monozygotic twin pairs demonstrated nearly identical 5-

methylcytosine content in genomic DNA and H3 and H4

acetylation patterns, 35% of twin pairs did not. The dif-

ferences correlated with age and time spent together; young

twin pairs were more similar than older twin pairs, and

those who had spent more time together were more similar

than those who had been separated. Specific genomic

locations were found to be differentially methylated,

including expressed sequence tags or annotated single copy

genes, and changes in the expression level of these genes

correlated with the degree of CpG island methylation.

While this study did not look at differences in disease

susceptibility between twin pairs, it clearly demonstrated

that the epigenotype of genetically identical individuals can

diverge dramatically and that the extent of divergence is

modified by environment and increases over time. This

study provides one explanation for differences observed in

time to disease onset and disease severity among geneti-

cally identical or similar individuals.

Epigenetic drift occurs due to small differences or

defects in the transmission or maintenance of epigenetic

information that accumulates through successive cell

divisions (Bennett-Baker et al. 2003; Bjornsson et al.

2004; Cooney 1993; Jaenisch and Bird 2003). This can

help to explain differences among tissues within an

individual or between distant cells within a tissue (Yatabe

et al. 2001). This likely influences the differences in

epigenomes observed between twin pairs. The fidelity of

maintenance of CpG methylation in mammalian cells has

been estimated to be 97–99% per cell division (Ushijima

et al. 2003). The error rate of methylation reactions has

been estimated to be 2 9 10-5 per CpG site per day in

the colon (Yatabe et al. 2001), a value that would change

in a tissue-dependent manner. These errors create oppor-

tunities for changes in epigenetic profiles to occur and

accumulate over time. Polymorphisms in genes that reg-

ulate the establishment or maintenance of methylation

patterns can also impact the integrity of chromatin

methylation patterns (Kanai and Hirohashi 2007), which

can accumulate across generations of cells. In terms of

T1D, pancreatic damage due to autoimmune attack leads

to an increase in cellular proliferation (Kauri et al. 2007;

Wang et al. 2005). Also, immune cells, including B and T

lymphocytes involved in T1D autoimmunity, undergo

rounds of proliferation and selection (Bergman and Cedar

2004). In both situations, the integrity of epigenetic marks

that regulate appropriate damage repair or regeneration

responses, insulin metabolism and regulation, or immune

activation and maintenance could be altered and promote

disease pathogenesis.

Epigenetics and immunity

T1D results from a T-cell-mediated autoimmune attack on

pancreatic b cells. Epigenetics plays an important role in

immune system development and function, specifically in

T-cell maturation and cytokine gene expression. The dif-

ferentiation of T-helper (TH) cells, which are protagonists

in T1D autoimmunity, is subject to complex epigenetic

control. There are three main lineages of TH cells: TH1,

TH2, and TH17 (Harrington et al. 2005; Mosmann et al.

1986; Park et al. 2005). TH cells originate from naı̈ve

CD4? T cells. External signals are transformed into spe-

cific cell-intrinsic changes, the end result of which is the

differentiation of distinct TH cell lineages. The maturation

of naı̈ve T cells into TH cells represents a heritable trans-

formation in that the cellular phenotype is passed on to

daughter cells. While the genetic information encoded in

the DNA sequence does not change, stable epigenetic

modifications can be inherited (Barski et al. 2007; Meissner

et al. 2008; Wang et al. 2008). The epigenetic control of T-

cell differentiation was recently reviewed in detail (Aune

et al. 2009; Sawalha 2008; Wilson et al. 2009). Here we

present a brief general overview.

The differentiation of naı̈ve T cells into TH cell lineages

is driven by the expression of specific cytokines such as

interferon (IFN)-c, interleukin (IL)-4, and IL-17. A number

of studies have indicated that modification of DNA meth-

ylation is a critical epigenetic process in TH-cell differen-

tiation. As early as 1984, Ballas (1984) reported that

treatment of thymoma cells with 5-azacytidine, which

induces DNA hypomethylation, resulted in clones that

constitutively produced IL-2, a key immunoregulatory

cytokine involved in TH-cell differentiation. The data

suggested that modifications to DNA methylation patterns

could lead to changes in gene expression. It has also been

reported that in the presence of 5-azacytidine, stimulated

naı̈ve TH cells showed increased IFN-c and IL-4 expression

(Bird et al. 1998), the main effector cytokines of TH1 and

TH2 cells, respectively. Also, the Il4 locus is an area that

undergoes extended and complex methylation modifica-

tions during TH-cell differentiation (Lee et al. 2002). A

distinct 50 region of the Il4 locus was hypermethylated in

naı̈ve TH cells, but during TH2-cell differentiation, this

region was specifically demethylated. While demethylation

was not an absolute necessity for IL-4 gene transcription, it

was associated with strongly enhanced IL-4 gene expres-

sion in differentiated TH2 cells (Lee et al. 2002). Several

other reports support the findings that changes in methyl-

ation of the Ifng and Il4 gene loci modulate the transcrip-

tion of these key cytokines in TH1 and TH2 cells (Agarwal

and Rao 1998; Jones and Chen 2006; Makar and Wilson

2004; Melvin et al. 1995; Santangelo et al. 2002). There-

fore, the specificity and balance of cytokine expression in
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differentiating naı̈ve TH cells is controlled at least in part at

the level of the epigenome.

Of note, genomic hypomethylation of CD4? T cells

induces autoreactivity. CD4? T cells, which normally do

not react to self antigen, lose the requirement for specific

antigen stimulation and are activated in response to self

MHC class II molecules when treated with 5-azacytidine

(Richardson 1986). The ability of the T cells to mount an

autoimmune response is due to increased expression of the

adhesion molecule lymphocyte function-associated antigen

(LFA)-1. LFA-1 is involved in the stabilization of the

T-cell receptor (TCR)–MHC interaction and provides

costimulatory signals for the activation of T-cell responses

(Wulfing et al. 2002). The change in its expression is the

result of demethylation of regulatory regions in the 50

promoter of ITGAL, a subunit of LFA-1, and subsequent

loss of its transcriptional inhibition (Lu et al. 2002; Rich-

ardson et al. 1992). Therefore, the overexpression of LFA-

1 is hypothesized to stabilize lower-affinity TCR–MHC

interactions and provide costimulation, which leads to an

autoimmune response resembling that of systemic lupus

erythematosus. Together, the data indicate that changes in

the regulation of methylation-sensitive genes can lead to

the promotion of an autoimmune response by allowing

indiscriminate interactions between T cells and antigen-

presenting cells. This could also play a role in b-cell

autoimmunity.

Post-translational histone modifications have also been

shown to selectively control gene transcription in specific

T-cell populations. In a recent study, Wei et al. (2009)

performed global genome mapping of histone H3K4 and

H3K27 trimethylation (me3) in naı̈ve T, TH, and T regu-

latory (Treg) cells using a ChIP-Seq high-throughput DNA

sequencing approach. The goal was to determine whether

the changes associated with terminal differentiation of

specific T-cell populations were reflected in heritable epi-

genetic modifications. They found that the H3K27me3

histone modification was associated with gene suppression

and was detected in the Il4 gene in naı̈ve T, TH1, and TH17

cells. The study also revealed that genes encoding T-cell

lineage-specific transcription factors were targeted by

particular epigenetic modifications. Transcription factors

have been shown to bind a region within the Ifng locus of

TH1 and TH2 cells that is associated with histone modifi-

cations characteristic of relaxed, accessible chromatin

(Hatton et al. 2006). In TH1 cells, the Ifng locus showed

selective T-bet binding and activity, a key transcription

factor associated with TH1 proinflammatory responses

(Peng 2006).

Epigenetic modifications also play a role in the matu-

ration and function of Treg cells, which are essential players

in the maintenance of self-tolerance (Lal et al. 2009).

Foxp3 is the main transcription factor that drives natural

Treg-cell differentiation (Sgouroudis and Piccirillo 2009).

The loss of Foxp3 in mice results in the failure to generate

CD25?CD4? Treg cells and the development of severe

autoimmunity (Fontenot et al. 2003). Foxp3 expression in

Treg cells has been shown to be epigenetically regulated.

Using bisulfite sequencing and ChIP, Floess et al. (2007)

showed that a conserved and transcriptionally active region

within the Foxp3 locus was completely demethylated at

CpG motifs in Foxp3?CD25?CD4? Treg cells, but not in

naı̈ve CD25-CD4? T cells. H3 acetylation and trimethy-

lation patterns indicative of open euchromatin were

observed in this region and were also associated with Treg

differentiation (Floess et al. 2007). Kim and Leonard

(2007) reported another CpG region within the Foxp3

locus, the methylation state of which inversely correlated

with Foxp3 expression. Several other studies have also

indicated that DNA methylation plays a role in the Foxp3

gene expression in mouse and human Treg cells (Janson

et al. 2008; Lal et al. 2009). The normal function of Treg

cells is to promote tolerance and prevent autoimmunity and

therefore it has been suggested that their dysregulation

plays a role in diabetes pathogenesis (Sgouroudis and

Piccirillo 2009).

The autoimmune process observed in T1D is driven by

an inflammatory response to self antigens. One of the main

effector transcription factors involved in this process is NF-

jB. The expression of a number of inflammation-associ-

ated cytokines is dependent on activation by NF-jB.

Activated NF-jB enters the nucleus, but it requires

remodeling of the chromatin to induce gene transcription

(Natoli et al. 2005). Inflammatory stimuli have been shown

to induce post-translational modifications of the chromatin

at specific NF-jB-regulated cytokine or chemokine genes,

including IL-8 and macrophage chemoattractant protein-1,

followed by the recruitment of NF-jB to their promoters.

This includes increased H4 acetylation (Saccani et al.

2001), phosphorylation, and phosphoacetylation of H3

(Saccani et al. 2002) and altered H3K9 methylation (Sac-

cani and Natoli 2002). It will be necessary to determine

whether T1D-associated inflammation also mediates gene

expression changes through the modification of chromatin

structure.

In their application of the ChIP-chip approach to study

immune cells from T1D patients and control subjects, Miao

et al. (2008) observed that lymphocytes from T1D patients

demonstrated specific histone modification patterns. H3K9

dimethylation (me2) at the promoters of a number of genes

associated with inflammation and autoimmunity, including

CTLA4, a T1D susceptibility gene, and TGF-b, NF-jB,

p38 mitogen-activated protein kinase, Toll-like receptors,

and IL-6, was observed in patients but not controls. An

important caveat in these studies is that in earlier findings

from the same group, human THP-1 monocytes cultured in

A. J. MacFarlane et al.: Epigenetics and type 1 diabetes 627

123



high-glucose conditions also revealed alterations in histone

lysine methylation of various T1D-related genes (Miao

et al. 2007). Because blood glucose levels vary consider-

ably in patients with T1D, these authors point out that it is

difficult to differentiate whether such changes are related to

diabetes pathogenesis or to variations in blood glucose

(Miao et al. 2008). Nonetheless, these data suggest that the

genes were tagged for active transcription and could

therefore influence disease outcome through changes in

gene expression.

Epigenetic modifications in the target b cells

Specific gene expression profiles are important for the

proper development, function, and repair response of

pancreatic b cells. Both type 1 and type 2 diabetes are

associated with progressive dysfunction of insulin-secret-

ing b cells, including dysregulated expression of genes

involved in b-cell development and function (Eizirik et al.

2009; Matveyenko and Butler 2008). Insulin gene expres-

sion has been shown to be dependent on specific patterns of

histone acetylation and methylation. Specifically, the

proximal promoter of the Ins1/2 gene in pancreatic b cells

displays H3 hyperacetylation and hypermethylation at

H3K4, both of which are associated with euchromatin

status and active gene transcription (Chakrabarti et al.

2003; Mutskov et al. 2007). Dimethylation status at H3K4

in the regulatory region of Ins1/2 was shown to be main-

tained by a transcriptional protein complex involving Pdx1,

a key transcription factor involved in b-cell development

(Babu et al. 2007), and the methyltransferase Set7/9, which

promoted the continuous activation of Ins1/2 and other

genes involved in glucose-stimulated insulin secretion

(Deering et al. 2009; Francis et al. 2005). Therefore,

changes to histone modifications associated with the insu-

lin gene could alter the function of b cells by influencing

replication or expression of autoantigens on their surface,

thereby modifying diabetes pathogenesis.

Impaired insulin and glucose metabolism in T1D alters

methyl group metabolism

In contrast to the previously described epigenetic changes

that could be involved in the initiation or progression of

autoimmune T1D, the diabetic physiological state can also

modify cellular methylation potential by altering methyl

group metabolism. Homocysteine and methionine metab-

olism are interdependent and regulate the availability of

methyl groups for cellular methylation reactions (Fig. 2)

(Fox and Stover 2008). Homocysteine can be remethylated

to form methionine, which in turn can be converted to

S-adenosylmethionine (AdoMet). AdoMet is the major

methyl group donor in cellular methylation reactions,

including the methylation of DNA, histones, and other

molecules (Fox and Stover 2008).

Insulin concentrations have been shown to correlate

positively with homocysteine (Chiang et al. 2009; Fonseca

et al. 2000). In autoimmune T1D, patients demonstrate

lower rates of homocysteine remethylation and methionine

synthesis and increased rates of homocysteine transsulfur-

ation, changes that are normalized by insulin treatment

(Abu-Lebdeh et al. 2006). Similarly, in rats with strepto-

zotocin-induced diabetes, metabolism of homocysteine by

transsulfuration is increased, as indicated by an increase in

transsulfuration pathway enzymes, which can also be nor-

malized by insulin treatment (Jacobs et al. 1998; Ratnam

et al. 2002). In fact, insulin treatment of rats with strepto-

zotocin-induced diabetes decreases the activities of trans-

sulfuration enzymes resulting in a dose-dependent increase

in plasma homocysteine (Gursu et al. 2002). Insulin has

also been shown to induce folate-dependent homocysteine

remethylation pathways under methionine-restricted con-

ditions in hepatic cells (Chiang et al. 2009). Together the

data suggest that insulin increases homocysteine levels

Fig. 2 Methionine synthesis cycle. Cellular methylation potential is

dependent on the production of S-adenoyslmethionine (AdoMet), the

major methyl donor in the cell. Methionine is generated when

homocysteine is remethylated. A methyl group can be transferred

from 5-methyltetrahydrofolate (THF), which is catalyzed by the B12-

dependent enzyme methionine synthase (MS). 5-MethylTHF is

produced by methyleneTHF reductase (MTHFR) from the folate

metabolic pathway. In the liver and kidney, homocysteine can be

remethylated by betaine:homocysteine methyltransferase (BHMT), a

reaction that depends on choline-derived betaine as the methyl donor.

Methionine is converted to AdoMet, from which methyltransferases

(MT) transfer methyl groups to acceptor molecules. The reaction

produces S-adenosylhomocysteine (AdoHcy) that can be converted to

homocysteine. Homocysteine can be metabolized by the B6-depen-

dent transsulfuration pathway. SHMT1, cytoplasmic serine

hydroxymethyltransferase
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and homocysteine remethylation while simultaneously

reducing the capacity to eliminate homocysteine by trans-

sulfuration.

Glucose has also been shown to regulate homocysteine

metabolism. Homocysteine has been shown to be inversely

correlated with blood glucose concentrations in type 2

diabetic patients (Mazza et al. 2005). It has also been

demonstrated that glucose concentration is negatively

correlated with the activity of the enzyme methylenete-

trahydrofolate reductase, which provides methyl groups for

the remethylation of homocysteine (Fig. 2) (Dicker-Brown

et al. 2001). Glucose is also positively correlated with the

activity of enzymes involved in homocysteine transsulfur-

ation in cultured hepatocytes (Dicker-Brown et al. 2001).

The data suggest that changes in homocysteine are due to

its metabolism by the transsulfuration pathway. However,

Chiang et al. (2009) showed that homocysteine clearance

under high-glucose conditions in cultured hepatocytes

could in fact be due to increased homocysteine remethy-

lation flux. Interestingly, these authors also found that high

glucose levels were associated with increased cellular

methylation potential, as indicated by the AdoMet-to-S-

adenosylhomocysteine (AdoHcy) ratio, increased AdoMet

synthase activity, and DNA methyltransferase activity and

global methylation potential in cultured hepatocytes

(Chiang et al. 2009). In addition, glucose has recently been

shown to modify chromatin structure and influence global

gene transcription control (Rathmell and Newgard 2009;

Wellen et al. 2009). The diabetic state is characterized by

fluctuations in insulin and glucose, which clearly influence

homocysteine and methionine metabolism. This has the

potential to alter cellular methylation reactions in various

tissues and could be related to diabetes-associated com-

plications. It also poses a problem for the interpretation of

studies of epigenetic modifications in patients with T1D

whose blood glucose levels often display wide variation. It

will be important to study high-risk, normoglycemic indi-

viduals as they progress to islet autoimmunity (i.e., pres-

ence of autoantibodies), before the appearance of overt

diabetes.

Modification of epigenetics by diet-derived methyl

cofactors

The establishment and maintenance of methylation patterns

of CpG dinucleotides in DNA and histones depend on

cellular methylation potential and one-carbon (methyl

group) metabolism, which is itself dependent on various

nutrients. Folate, the biologically active form of folic acid,

mediates one-carbon metabolism (Fig. 2) (Fox and Stover

2008). A major product of one-carbon metabolism is

methionine, which can be converted to AdoMet, the main

methyl donor in cellular methylation reactions (Fox and

Stover 2008). Methionine synthase, a vitamin B12-depen-

dent enzyme, transfers a methyl group from 5-methyltet-

rahydrofolate to homocysteine to form methionine (Fig. 2).

Homocysteine metabolism by the transsulfuration pathway

requires vitamin B6. The B6-dependent enzyme serine

hydroxymethyltransferase is a source of 5,10-methylene-

tetrahydrofolate, which is the substrate required for folate-

dependent methionine synthesis. Betaine, which can be

taken up from the diet or formed from choline, can also be

used for homocysteine remethylation and methionine syn-

thesis in liver and kidney (Zeisel 2006). Other nutrients

that influence one-carbon metabolism include niacin,

riboflavin, zinc, cobalt, and vitamin A (Fox and Stover

2008). Therefore, nutrient deficiencies or single nucleotide

polymorphisms in enzymes involved in methyl group

metabolism can influence methyl group availability as well

as the establishment and maintenance of epigenetic marks.

Maternal and early postnatal diet plays a significant role

in the establishment of the epigenome in the developing

offspring, which can be maintained throughout its lifetime

(Waterland and Michels 2007). The epigenome is likely the

most plastic and sensitive to environmental-mediated

changes during embryonic development. Shortly after fer-

tilization, gamete-related epigenetic marks are removed

and replaced with embryonic marks (Morgan et al. 2005).

The developing gametes also undergo epigenetic repro-

gramming in which the parental marks are replaced by

stem cell marks (Morgan et al. 2005). It is during these

periods of flux that environmental factors are most likely to

contribute to epigenetic diversity. Jirtle and his group have

used the Agouti mouse model to clearly demonstrate the

principle that maternal nutritional status or exposure to

other environmental factors, including toxins, alters geno-

mic methylation profiles with unknown but potentially

long-term, heritable and possibly detrimental outcomes for

the offspring (Dolinoy et al. 2007; Waterland and Jirtle

2003).

It is well known that early diet affects the development

of diabetes in humans (Norris et al. 2003; Ziegler et al.

2003), as well as in diabetes-prone BB rats and NOD mice

(Lefebvre et al. 2006). Whether the various dietary

manipulations occur via epigenetic regulation remains a

matter of speculation. It is known that changes in maternal

diet can be associated with the abnormal development of

the pancreas in the offspring. Feeding of a low-protein diet

to NOD mice during pregnancy and until the offspring

were weaned incurred effects on both islet mass

(decreased) and autoimmunity (inflammatory cytokines

decreased) (Chamson-Reig et al. 2009). It is also known

that feeding a low-protein diet to rat dams decreased islet

mass and several measures of islet vascularity (Boujendar

et al. 2003). These effects were reversed by feeding a
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taurine supplement and it has also been reported that tau-

rine supplements can delay diabetes onset in NOD mice

(Arany et al. 2004). It has been speculated, though not yet

proven, that such changes observed in offspring are due to

epigenetic modifications in the developing embryo. How-

ever, more studies will be required to determine the

mechanisms involved and how they influence chronic

diseases such as T1D.

Conclusions

The major risk genes for T1D have been known for dec-

ades, but the cause of T1D remains unclear. Part of the

problem may lie in the fact that there are numerous path-

ways through which diabetes can develop in different

individuals. The layers of genetic complexity combined

with the role of different environmental exposures occur-

ring at different ages and at varying doses present a for-

midable problem. If the epigenome is a key controller of

gene–environment interactions as some suspect, then it will

be important to understand epigenetic regulation of key

T1D-related genes and how this leads to the development

of diabetes.

The epigenome is a conduit by which the environment

can influence the expression of the genome and ultimately

phenotype. We have speculated that epigenetics can

influence T1D outcome in a number of ways. b-cell

development, maintenance, metabolism, and regeneration

can all be influenced by epigenetic mechanisms. Also,

immune responses, including the activation of T cells and

induction of Treg cells, rely on appropriate epigenetic reg-

ulation. Furthermore, insulin and glucose metabolism

influence the epigenome of tissues such as the liver, and

potentially the pancreas, which could contribute to T1D-

associated pathologies. Clearly, information on the epige-

netic mechanisms at play in the development of T1D is

extremely limited and new studies are required. The hope

is that this information will provide new understanding of

the pathogenesis, potential treatments, or even prevention

of T1D.
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