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ABSTRACT
Type 1 diabetes is an immune-mediated disorder that results from pro-
gressive destruction of the islet b cells. A genetic susceptibility for the
development of islet autoimmunity and type 1 diabetes is well docu-
mented, and an environmental influence is assumed. Prospective studies
from birth have shown that islet autoimmunity occurs very early in life,
which implies that fetal or postnatal environmental factors may program
the development of islet autoimmunity. In this overview, results from the
BABYDIAB study, a prospective study from birth on the natural history
of type 1 diabetes, and the BABYDIET study, a dietary intervention
study, are discussed with a focus on the role of a diabetes environment
in utero and the role of early gluten exposure on islet autoimmunity risk
in children. Am J Clin Nutr 2011;94(suppl):1821S–3S.

INTRODUCTION

Type 1 diabetes, a chronic inflammatory disease caused by
a selective destruction of the b cells of the pancreas, which
produce insulin, is one of the most common and serious chronic
diseases in children (1, 2). A recently published review reported
an overall annual increase of 3.9% in the incidence of childhood
type 1 diabetes in Europe and predicted that the incidence rate in
children aged ,5 y will double between 2005 and 2020 (3).

Type 1 diabetes is preceded by a preclinical phase characterized
by autoimmunity against pancreatic islets (4). A genetic suscep-
tibility for the development of islet autoimmunity and type 1
diabtetes is well documented, and an environmental influence is
assumed (5). Over the last 20 y several groups have initiated
prospective studies from birth that investigated the development of
islet autoimmunity and diabetes (6–9).These studies provide an
opportunity to investigate when islet autoimmunity does initiate, if
there is a time window when islet autoimmunity is frequent, and
what environmental exposures are frequent around that time.
Findings from these studies have significantly contributed to our
current understanding of the pathogenesis of childhood diabetes.

Genetic factors that influence the development of islet
autoimmunity and type 1 diabetes

Children with a first-degree relative with type 1 diabetes have
a .10-fold-higher risk of the development of type 1 diabetes and
this risk increases further if both parents are affected. Genetic
variability in the human leukocyte antigen (HLA) region explains
’50% of the familiar clustering (10); other genes provide more
modest contributions to the risk (11, 12). The concordance of type
1 diabetes between monozygotic twins is up to 65%, whereas

between dizygotic twins it is only 10% (13). Although such dif-
ferences in the concordance rates between identical and nonidentical
twins clearly underline the effect of genes on the development of
type 1 diabetes, they also show that genetic susceptibility alone
cannot be the ultimate cause for the disease and that environ-
mental factors seem to modify the risk of islet autoimmunity and
type 1 diabetes.

Initiation of islet autoimmunity

Prospective studies from birth have shown that islet autoim-
munity occurs very early in life. Approximately 4% of offspring of
parents with type 1 diabetes in the BABYDIAB study and’6% of
genetically at-risk infants from the general population in the
Finnish Diabetes Prediction and Prevention (DIPP) study de-
veloped islet autoantibodies by age 2 y (14, 15). The BABYDIAB
study also shows that the incidence of islet autoantibodies, defined
as cases per 100/y, is highest between 9 mo and 2 y of age (16).
Children who develop autoantibodies within the first 2 y of life
are those who most often develop multiple islet autoantibodies
and progress to type 1 diabetes in childhood (14). These findings
imply that fetal or postnatal environmental factors may program
the development of islet autoimmunity. Candidate environmental
factors that are suspected to influence the risk of islet autoim-
munity in genetically susceptible individuals are factors associ-
ated with maternal type 1 diabetes and early dietary factors.

The role of a diabetes environment in utero on islet
autoimmunity risk in offspring

Recent studies have shown that the offspring of mothers with
type 1 diabetes have a decreased risk of the development of islet
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autoimmunity and type 1 diabetes compared with the offspring of
fathers with type 1 diabetes (16–19). Results from the prospective
BABYDIAB study showed that the lower incidence of islet
autoimmunity in the offspring of mothers with type 1 diabetes
compared with the offspring of fathers with type 1 diabetes was
most marked at 9 mo of age (16). These results indicate that a type
1 diabetes environment in utero may affect the development of
islet autoimmunity in the offspring. Perinatal factors that are
affected by maternal type 1 diabetes are birth weight, gestational
age, preterm delivery, cesarean delivery, Apgar score, and ma-
ternal age at delivery (16). Of these factors, birth weight was
significantly associated with islet autoantibody risk: compared
with children whose birth weight was in the middle tertile (3250-
3700 g), the frequency of islet autoantibodies was reduced in
children whose birth weight was in the lower or upper tertile of
the study group [adjusted hazard ratio (HR): 0.43, P = 0.009 and
HR: 0.42, P = 0.007, respectively]. Furthermore, an association
between maternal glycated hemoglobin (Hb A1c) and risk of
islet autoimmunity could be identified. Compared with children
born to mothers with near-normal Hb A1c (,5.7%), islet auto-
antibody risk in children was significantly reduced if mothers
had a moderately elevated Hb A1c of 5.7–7% (adjusted HR: 0.35;
P = 0.03) and increased if mothers had HbA1c values .7%
(adjusted HR: 2.8, P = 0.03).

Another factor associated with maternal type 1 diabetes in
utero that may affect the development of islet autoimmunity is the
transmission of maternal islet autoantibodies. The influence of
maternally transmitted islet autoantibodies on the development of
islet autoimmunity and type 1 diabetes has been examined in both
animal models and humans. In the nonobese diabetic mouse,
removal of maternally transmitted immunoglobulin prevented
spontaneous diabetes in offspring mice, which suggests that
maternal antibodies present during gestation, which include islet
autoantibodies, could be important factors in the pathogenesis of
b cell destruction (20). Further studies in mice that looked
specifically at whether maternal insulin antibodies influence
diabetes development reported controversial findings (21, 22).

In the BABYDIAB study 86% of offspring from mothers with
type 1 diabetes had antibodies to exogenously administered insulin
at birth, and 66% of offspring had autoantibodies to glutamate-
decarboxylase (GADA) and/or autoantibodies to the tyrosine
phosphatase–related protein IA-2 (IA-2A) at birth. The presence or
absence of maternal insulin antibodies did not affect the risk of
development of diabetes-associated autoantibodies and type 1 di-
abetes in the child, but offspring with GADAs and/or IA-2As at
birth had a significantly lower diabetes risk than offspring whowere
autoantibody negative at birth (23). Therefore, and in contrast to the
data from animal studies, these findings in humans do not support
the hypothesis that fetal exposure to islet autoantibodies increases
diabetes risk, but rather, suggest that fetal exposure toGADAand/or
IA-2Amay protect from future endogenous islet autoimmunity and
type 1 diabetes. This observation is consistent with the overall
decreased risk of development of islet autoimmunity and diabetes in
offspring of mothers with type 1 diabetes compared with that of
offspring of fathers with type 1 diabetes and nondiabetic mothers.

The role of gluten on islet autoimmunity risk in offspring

The influence of dietary factors on the development of islet
autoimmunity and type 1 diabetes has been studied in both animal

models and humans. Results of 2 prospective studies have shown
that the risk of development of islet autoimmunity is increased in
children who were exposed to cereal proteins (24, 25), and par-
ticularly gluten, during the first 3mo of life comparedwith children
who received gluten between 3 and 6 mo of age (adjusted HR: 5.2,
P = 0.003) (24). These results have been confirmed by studies in
the nonobese diabetic mouse, which showed that the removal of
gluten from the diet can reduce diabetes risk from 88% to 42% (P
, 0.005) (26). The observation that patients with type 1 diabetes
and their first-degree relatives show an increased prevalence of
celiac disease–associated autoimmunity compared with the gen-
eral population (27–29) further indicates that gluten may play
a role not only in the development of celiac disease but also in the
development of islet autoimmunity and type 1 diabetes. To test
this hypothesis, 2 intervention trials were conducted.

Elimination of dietary gluten: secondary prevention

A secondary prevention trial was conducted with the aim of
preventing the progression to diabetes and decrease islet auto-
antibodies in nondiabetic children with islet autoantibodies by the
removal of gluten from the diet (30). Seven offspring or siblings of
patients with type 1 diabetes were included in this trial. All were
,6 y and were persistently positive for more than one islet au-
toantibody but still had a normal glucose tolerance. In those
children who were on a normal diet that contained gluten, gluten
was removed from the diet for 12 mo, followed by a normal diet
that contained gluten for 12 mo. This dietary intervention did not
show any changes in islet autoantibody titers on commencement
of the dietary intervention. The antibody variations observed
within the 7 relatives at the end of the 12-mo gluten-free diet were
similar to the increases and decreases in autoantibody concen-
trations observed in a matched historical control population,
which suggests that the removal of dietary gluten did not mod-
ulate the islet autoimmunity within the early preclinical pe-
riod of type 1 diabetes (30). The onset of diabetes observed
in the gluten reexposure period was also consistent with the
natural history of the disease in young multiple autoantibody–
positive relatives (31). In conclusion, removal of gluten in islet
autoantibody–positive children cannot prevent progression to
type 1 diabetes.

BABYDIET: primary prevention

The BABYDIET study, a primary prevention trial, was initiated
to investigate whether delay of the introduction of dietary gluten
can prevent the development of islet autoimmunity in newborns
with a first-degree relative with type 1 diabetes, who are at ge-
netically high risk of type 1 diabetes (32). Children who participate
in BABYDIETare randomly assigned to 1 of 2 dietary intervention
groups that introduce cereals that contain gluten either at age 6 mo,
as recommended by the German National Committee for the
Promotion of Breastfeeding, or at age 12 mo (intervention group).
One hundred fifty children have been recruited and followed every
3 mo until the age of 3 y, and will be followed yearly thereafter
until the age of 10 y, for the development of islet autoimmunity,
type 1 diabetes, and celiac disease–associated autoimmunity. To
include 150 newborns in the study, a total of 1168 newborns with
a first-degree relativewith type 1 diabetes have beenHLA screened
at birth. Analyses on the effect of a delayed gluten exposure on islet
autoimmunity are ongoing and will be published in 2011.
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CONCLUSIONS

In conclusion, there is evidence that factors associated with
a maternal type 1 diabetes environment in utero reduce islet
autoantibody risk during early infancy in the offspring. Although
we cannot provide insight into the mechanisms of protection at
the moment, it is tempting to interpret the associations of au-
toantibody transfer, high birth weight, and increased glucose with
reduced risk of islet autoimmunity as a reflection of increased
immune tolerance to islet antigens during fetal and newborn life.

Furthermore, evidence from studies in animals and humans
indicates that early exposure to dietary gluten is associated with an
increased risk of islet autoimmunity. Therefore, efforts should be
made to follow international guidelines that recommend that com-
plementary feeding should not be introduced before 17 wk of age.

The authors’ responsibilities were as follows—SH and AGZ: manuscript

development and revision. Neither of the authors had a conflict of interest

related to the publication of these results.
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EURODIAB study group. Incidence trends for childhood type 1 di-
abetes in Europe during 1989-2003 and predicted new cases
2005-2020: a multicentre prospective registration study. Lancet 2009;
373:2027–33.

4. Eisenbarth GS. Type I diabetes mellitus: a chronic autoimmune dis-
ease. N Engl J Med 1986;314:1360–8.

5. Atkinson MA, Eisenbarth GS. Type 1 diabetes: new perspectives on
disease pathogenesis and treatment. Lancet 2001;358:221–9.

6. Ziegler AG, Hillebrand B, Rabl W, et al. On the appearance of islet
associated autoimmunity in offspring of diabetic mothers: a prospective
study from birth. Diabetologia 1993;36:402–8.

7. Kupila A, Muona P, Simell T, et al. Feasibility of genetic and immu-
nological prediction of type I diabetes in a population-based birth
cohort. Diabetologia 2001;44:290–7.

8. Rewers M, Bugawan TL, Norris JM, et al. Newborn screening for HLA
markers associated with IDDM: diabetes autoimmunity study in the
young (DAISY). Diabetologia 1996;39:807–12.

9. Honeyman MC, Coulson BS, Stone NL, et al. Association between
rotavirus infection and pancreatic islet autoimmunity in children at risk
of developing type 1 diabetes. Diabetes 2000;49:1319–24.

10. Risch N. Genetics of IDDM: Evidence for complex inheritance with
HLA. Genet Epidemiol 1989;6:143–8.

11. Davies JL, Kawaguchi Y, Bennett ST, et al. A genome-wide search for
human type 1 diabetes susceptibility genes. Nature 1994;371:130–6.

12. Cox NJ, Wapelhorst B, Morrison VA, et al. Seven regions of the ge-
nome show evidence of linkage to type 1 diabetes in a consensus
analysis of 767 multiplex families. Am J Hum Genet 2001;69:820–30.

13. Redondo MJ, Jeffrey J, Fain PR, Eisenbarth GS, Orban T. Concordance
for islet autoimmunity among monozygotic twins. N Engl J Med 2008;
359:2849–50.

14. Hummel M, Bonifacio E, Schmid S, Walter M, Knopff A, Ziegler AG.
Brief communication: early appearance of islet autoantibodies predicts

childhood type 1 diabetes in offspring of diabetic parents. Ann Intern
Med 2004;140:882–6.

15. Kimpimaki T, Kulmala P, Savola K, et al. Natural history of beta-cell
autoimmunity in young children with increased genetic susceptibility
to type 1 diabetes recruited from the general population. J Clin En-
docrinol Metab 2002;87:4572–9.
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