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Introduction

Type 1 diabetes mellitus is perceived as a chronic immune-
mediated disease with a subclinical prodromal period
characterized by selective loss of insulin-producing beta
cells in the pancreatic islets in genetically susceptible sub-
jects. The most important genes contributing to disease
susceptibility are located in the HLA-DQ locus on the
short arm of chromosome 6 [1]. Nevertheless only a rela-
tively small proportion, i.e. less than 10%, of genetically
susceptible individuals progress to clinical disease. This
implies that additional factors are needed to trigger and
drive beta-cell destruction in genetically predisposed sub-
jects. Clinical Type 1 diabetes represents end-stage insuli-
tis, and it has been estimated that at the time of diagnosis
only 10–20% of the insulin-producing beta cells are still
functioning. Environmental factors have been implicated
in the pathogenesis of Type 1 diabetes both as triggers and
potentiators of beta-cell destruction [2–4].

Several lines of evidence support a critical role of envi-
ronmental factors in the pathogenesis of type 1 diabetes.
Studies in monozygotic twins indicate that only 13–33%
are pair-wise concordant for Type 1 diabetes [5,6], sug-
gesting that there is either acquired post-conceptional ge-
netic discordance, or differential exposure to the putative
environmental factor(s). The geographic variation in the
incidence of Type 1 diabetes in children is conspicuous
even among Caucasians, with one of the lowest annual
rates reported from northern Greece amounting to less
than 5/100,000 children under the age of 15 years [7] and
the highest rate observed in Finland reaching 50 in 1998
[Reunanen, personal communication]. This tenfold differ-
ence in incidence can hardly be explained by genetic fac-
tors. A substantial increase in the incidence of Type 1 di-
abetes among children has been documented over the last
decades particularly in Europe, and e.g. in Finland the in-
cidence has increased more than four times from the early

1950’s [8]. Such an increase cannot be the consequence
only of enhanced genetic disease susceptibility in the pop-
ulation but must mostly be due to changes in life style and
environment. Migrant studies have been little utilized in
epidemiological surveys of Type 1 diabetes. Data available
indicate, however, that the incidence of Type 1 diabetes
has increased in population groups who have moved from
a low incidence region to a high incidence area empha-
sizing the influence of environmental conditions [see 3].
This review aims at providing a brief account of the en-
vironmental factors that have been implicated as triggers
and risk factors in human Type 1 diabetes (Table 1) with
an emphasis on the most recent candidates.

Viral Infections

Viral infections have been implicated in the etiology of
Type 1 diabetes for more than 100 years. More recently,
several studies have been published showing that certain
viruses, such as enteroviruses are capable of inducing di-
abetes in experimental animals, and seroepidemiological
studies have suggested their role in human Type 1 dia-
betes as well [see 3]. Viruses may act by at least two pos-
sible mechanisms, either via a direct cytolytic effect, or
by triggering an autoimmune process leading gradually to
beta-cell destruction [9]. The role of molecular mimicry
in diabetes-associated autoimmune responses has been in-
dicated by the observations of structural and functional
homology between viral structures and beta-cell antigens.
Persistent or slow virus infections, like in the congeni-
tal rubella syndrome and cytomegalovirus infections may
also be important in the induction of the autoimmune re-
sponse. The role of viral infections in the etiopathogenesis
of human Type 1 diabetes has been elucidated by serolog-
ical and epidemiological studies, and case histories [10].
A meritorious review on the possible role of viruses in
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Table 1. Environmental factors implicated in the pathogenesis of
Type 1 diabetes

Viral infections
Mumps
Rubella
Cytomegalovirus
Epstein-Barr virus
Enteroviruses
Retroviruses
Rotavirus

Dietary factors
Cow’s milk proteins
– Casein
– Bovine serum albumin
– Beta-lactoglobulin
– Bovine insulin
Gluten and other plant proteins
Fats
Nitrate and nitrite
Coffee, tea
Deficiency of zinc
Vitamin D deficiency
Frequent intake of solid foods rich in carbohydrate and protein

Standard of hygiene and vaccinations
Toxins

Alloxan
Streptozotocin
N-nitroso compounds
Bafilomycin A1

Growth
Infant growth
Childhood growth

Psycosocial factors
Latitude and temperature
Antenatal and perinatal risk factors

the pathogenesie of Type 1 diabetes has been published
recently [11].

Enteroviruses
Enteroviruses (EV) belong to the picornavirus family
comprising small, naked icosahedral RNA viruses. The
EV subfamily consists of four subgroups: polioviruses,
coxsackie B viruses (CBV), coxsackie A viruses (CAV)
and echoviruses, and includes more than 60 distinct
serotypes. There are both epidemiological, serological and
biological indications suggesting that EV may be involved
in the pathogenesis of Type 1 diabetes. Gamble and Taylor
[12] reported in 1969 parallel changes in the seasonal vari-
ation in the incidence of Type 1 diabetes and in the fre-
quency of CBV infections. A series of serological case-
control studies have shown an increased prevalence of
elevated levels of CBV antibodies in patients with newly
diagnosed Type 1 diabetes [13,14]. There are, however,
also contradictory results, since some other reports have
been unable to find any difference between patients with

diabetes and controls [15,16] or even demonstrated de-
creased levels of CBV antibodies in patients [17].

The first serological studies measured neutralizing EV
antibodies that are good markers of infection immunity
but poor indicators of a recent infection, if the analyses
do not include IgM antibodies. More recent studies have
assessed the occurrence of recent or current EV infections
by quantifying IgM antibodies with µ-antibody capture
methods based on enzyme or radioimmunoassays. With
such a methodology patients with newly diagnosed Type 1
diabetes were found to have increased IgM class antibod-
ies against EV suggesting an excess of recent infections
[see 18]. A Swedish group detected IgM class antibodies
to CBV in 40% of children with newly diagnosed Type 1
diabetes and in none of the controls [19]. The majority of
those, who had IgM class antibodies at the diagnosis of
diabetes, had experienced previously an enterovirus infec-
tion caused by a different serotype, indicated by IgG class
antibodies. As increased IgM titers reflect an ongoing or
recent infection, Fohlman and Friman [20] concluded that
these observations suggest that successive infections by
different CBV and other EV increase the risk of manifes-
tation of overt diabetes in genetically susceptible individu-
als. Such a process fits well into the “Copenhagen model”
for the pathogenesis of Type 1 diabetes, i.e. the multiple
hit hypothesis [21].

Two studies from Northern Europe have indicated that
maternal enteroviral infections during pregnancy may be
associated with later development of Type 1 diabetes in
the offspring. Dahlquist and her coworkers [22] analyzed
maternal sera taken at delivery and observed the closest
relation between IgM to CBV3 and Type 1 diabetes in
the children. A Finnish survey tested sera obtained at the
end of the first trimester and showed the strongest asso-
ciation between CBV5 and Type 1 diabetes in offspring
under the age of 3 years at diagnosis but not in those older
than 3 [23]. In addition unaffected siblings of children
with diabetes were observed, and those who progressed to
clinical diabetes experienced on an average one serolog-
ically verified enterovirus infection per follow-up year,
while the corresponding frequency was 0.6 among sib-
lings who remained unaffected. Another report showed
a temporal relationship between serological evidence of
an EV infection and seroconversion to ICA positivity or
significant increases in existing ICA titers in non-diabetic
siblings [24]. In more recent studies a reverse transcrip-
tase polymerase chain reaction (RT-PCR) method has been
applied to detect EV specific RNA in the sera or circulat-
ing mononuclear cells of patients with newly diagnosed
Type 1 diabetes. Diabetic children have been observed
to test positive for viral RNA more frequently than con-
trol subjects [25–27]. Taken together, most cross-sectional
studies in patients with newly diagnosed Type 1 diabetes



Exogenous Factors in Type 1 Diabetes 215

support the hypothesis that EV can precipitate clinical
disease in subjects with signs of beta-cell autoimmunity.
The prospective studies performed to date suggest that EV
may trigger beta-cell autoimmunity and potentiate exist-
ing beta-cell autoimmunity.

The tropism phenomenon (the characteristics of a virus
to infect a particular tissue or cell type), in which the at-
tachment of virus to the viral receptors on cell membranes
is a central feature, is thought to explain why some variants
of EV are diabetogenic and some are not [20]. It has been
proposed that pancreatic beta-cell tropic variants of CBV
are present in the general population and that they are able
to induce beta-cell damage in susceptible individuals [28].

Other viruses
Gundersen [29] reported in his classical study from 1927
an increase in the number of cases with Type 1 diabetes
2–4 years after a mumps epidemic. Subsequently there
have been numerous case reports describing a temporal
relationship between mumps and clinical onset of dia-
betes [see 3]. In epidemiological studies peaks in the in-
cidence of childhood Type 1 diabetes have been observed
2–4 years after mumps epidemics. Serological evidence
of an association between mumps infection and Type 1
diabetes has been difficult to obtain due to the long inter-
val between the infection and the clinical manifestation of
Type 1 diabetes. A Finnish study reported decreased IgG
class mumps antibody titers in children with newly diag-
nosed Type 1 diabetes compared with those in controls,
the finding being interpreted as indicative of an abnormal
immunological response to mumps infection [30]. Inter-
estingly, in patient series collected earlier, when natural
mumps was still common in Finland, IgG class mumps
virus antibodies were not decreased, and IgA antibodies
were elevated in diabetic children. Accordingly the decline
in mumps antibody levels may reflect the elimination of
cases with mumps induced Type 1 diabetes by the MMR
vaccine.

Diabetes has been observed in 10–20% of patients with
the congenital rubella syndrome (CRS) with a latent pe-
riod of 5–25 years [see 3]. A persistent rubella infection
has been detected in the pancreases of some but not all
subjects with congenital rubella. The rubella virus may
modify membrane proteins of the infected beta cell lead-
ing to an immune attack against beta cells, since such
modified proteins can be recognized as foreign antigens.
As an alternative pathway cytotoxic T cells specific for a
viral antigen may recognize a beta-cell specific antigen by
molecular mimicry. This latter option is supported by the
observation of Karounas et al. [31] that one out of several
monoclonal antibodies raised against rubella virus capsid
and envelope glycoproteins recognizes a 52 kD protein in
islet cell extracts. To date this protein has not been bio-

chemically characterized. The CRS-induced diabetes is a
model for how other maternal infections transmitted to the
fetus during pregnancy may be involved in the pathogen-
esis of Type 1 diabetes in the offspring.

The human cytomegalovirus (CMV) can be transmit-
ted before birth, like the rubella virus, either transplacen-
tally or at conception from an infected parent carrying
the CMV genome in his or her genomic DNA. CMV in-
fections may also be transmitted prenatally or postnatally
through close contact or breast milk. CMV has been im-
plicated in the development of Type 1 diabetes by a case
report of an infant with congenital CMV infection who
presented with diabetes at the age of 13 months [32]. In a
Swedish prospective study 16,474 newborn infants were
screened for congenital CMV infections by virus isolation
from the urine, and 76 infants were found to be infected.
Only one out of 73 infected individuals (1.4%) manifested
Type 1 diabetes, when observed up to the age of 7 years
or more, whereas 38 of 19,483 controls (0.2%) became
affected by diabetes [33]. This observation suggests that
congenital CMV infection is not a major trigger of Type 1
diabetes.

Hiltunen et al. [34] found comparable levels of CMV
IgG and IgM antibodies in children with newly diagnosed
Type 1 diabetes and in control children, while the patients
had higher IgA antibodies than the controls. The latter
observation may reflect reactivated or persistent CMV in-
fections in children with recent-onset diabetes. No asso-
ciation was observed between ICA and CMV antibodies.
Neither could any differences be seen in the CMV antibod-
ies in early pregnancy between mothers whose offspring
later presented with clinical Type 1 diabetes and control
mothers. During prospective follow-up of unaffected sib-
lings of children with diabetes no seroconversions could
be detected in CMV antibodies, and no changes could be
seen in CMV antibodies in relation to seroconversion to
positivity for ICA or progression to clinical diabetes in the
siblings. Accordingly no evidence was found in favor of
the hypothesis that primary CMV infections in utero or in
childhood could promote or precipitate Type 1 diabetes.
If CMV infections play a role in the pathogenesis of this
disease, it must be limited to a very small proportion of
cases.

The human genome contains numerous retroviral se-
quences, a majority of which are non-infectious. Endoge-
nous retroviruses exist as viral DNA integrated into the
genome of every cell in the host, and they are transmit-
ted vertically to the next generation via germ-line DNA.
Retroviruses have been associated with autoimmune di-
abetes in animal models such as the NOD mouse [35].
Retroviruses have not been consistently shown to be in-
volved in the development of human Type 1 diabetes,
although insulin autantibodies (IAA) from patients with
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Type 1 diabetes and unaffected first-degree relatives have
been observed to cross-react with the retroviral antigen
p73 [36], indicating that IAA-positive sera contain anti-
bodies that recognize both insulin and p73.

Honeyman et al. [37] reported some time ago molec-
ular homology between the VP7 protein of rotavirus and
T-cell epitopes in the protein tyrosine phosphatase related
IA-2 molecule and in the 65 kD isoform of glutamic acid
decarboxylase. In a prospective study of infants geneti-
cally predisposed to Type 1 diabetes they observed that
the appearance of diabetes-associated autoantibodies was
associated with significant rises in rotavirus antibodiesy
titers, indicating that rotavirus infections may induce beta-
cell autoimmunity in genetically susceptible infants [38].
A prospective Finnish birth cohort study was, however,
unable to confirm any association between rotavirus infec-
tions and the initiation of beta-cell autoimmunity in young
children with increased genetic susceptibility to Type 1
diabetes [39].

Dietary Factors

The first reports on the effect of a dietary compound pos-
sibly affecting the incidence of Type 1 diabetes were pub-
lished in the early 1980’s. Helgason and Jonasson [40]
made an interesting observation of a conspicuously high
incidence of Type 1 diabetes in Icelandic boys born in Oc-
tober, and they proposed N-nitroso compounds being the
etiological factor, mediated via parental germ cells. The
finding was confirmed later in animal experiments [41].
Scott and Trick published the first study suggesting that
dietary constituents may markedly affect the expression of
diabetes in BB rats in 1983 [42]. More recently data have
accumulated suggesting that cow’s milk (CM) and its pro-
tein components may be involved in the pathogenesis of
Type 1 diabetes [see 3].

CM proteins
Experiments in BB rats and NOD mice have clearly
demonstrated that the exposure to CM proteins increases
the incidence of diabetes. Prompted by anecdotal reports
suggesting a low incidence of Type 1 diabetes in people
from countries with a low protein intake, Elliott and Martin
[43] were the first to report that manipulation of the protein
component in the diet of BB rats affects the natural his-
tory of autoimmune diabetes: feeding rats a semi-synthetic
amino acid diet from the onset of weaning led to a consid-
erable reduction in the incidence of diabetes from 52% on
milk protein supplementation to 15%. Subsequent studies
by the Toronto group confirmed that the effect of CM pro-
teins is established during a relatively narrow, early phase
in the postnatal (weaning) period [44]. The prevention of
diabetes by a synthetic diet in which CM proteins were

replaced by a purified casein hydrolysate before weaning
has subsequently been confirmed in the NOD mouse [45].

The main differences in protein composition between
cow’s and human milk are that (a) the protein concen-
tration is higher in CM, principally due to the larger ca-
sein content; (b) the main whey protein component in CM
is beta-lactoglobulin (BLG), which is not an endogenous
component in human milk; and (c) the primary serum al-
bumin amino acid sequence differs from that of human
albumin and rodents in a small, circumscribed area [46].
An additional intriguing fact is that there is a three amino
acid difference between bovine insulin present in CM and
human insulin.

The association between CM consumption and the inci-
dence of Type 1 diabetes in children has been dealt with in
two ecological studies. Scott [47] reported in 1990 a close
correlation (r = 0.86) between the per capita consump-
tion of unfermented milk proteins in the whole population
and the incidence of diabetes, and Dahl-Jørgensen et al.
[48] confirmed one year later the same trend using inci-
dence data from children aged 0–14 years and validated
registries from the Diabetes Epidemiology Research In-
ternational Study Group (1978–85), the correlation coef-
ficient being 0.96. Studies like these are prone to various
types of biases but can serve as background information
to hypotheses linking Type 1 diabetes to exposure to CM.
Data from three population-based case-control studies on
CM intake prior to diagnosis of Type 1 diabetes are con-
flicting: Dahlquist et al. [49] found in a Swedish series a
lower frequency of milk intake among diabetic children,
whereas in New South Wales, Australia the CM intake
had been higher in prediabetic children than in the con-
trols [50]. In our Finnish nationwide “Childhood Diabetes
in Finland” (DiMe) study, we observed that a high con-
sumption of CM in childhood was associated with a more
frequent appearance of diabetes-associated autoantibod-
ies in initially unaffected siblings of children with Type 1
diabetes [51]. There was also an almost significant associ-
ation between high CM consumption and progression to
clinical Type 1 diabetes.

An inverse correlation between the duration of breast-
feeding and Type 1 diabetes in childhood was first ob-
served in a Scandinavian study almost 20 years ago [52].
This association has been confirmed in several but not
all studies from various countries [see 3]. In a Finnish
population-based study, the duration of exclusive breast-
feeding and age at start of supplementary feeding with
regular CM-based formulas were both related to an in-
creased risk for Type 1 diabetes [53]. In comparison with
controls matched for sex and age, young diabetic children
had been more often predominantly breast-fed for less than
6 months and exclusively breast-fed for less than 3 months.
In addition, a greater proportion of the affected children
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had received supplementary CM-based formula over the
first 3 months. These findings have been confirmed sub-
sequently in a larger series of diabetic children [54]. A
multivariate analysis of the total series of Finnish children
with Type 1 diabetes indicated that early CM exposure
was a more important risk factor than short breastfeeding
[55].

Two meta-analyses have been performed with the aim
to critically review and summarize the clinical evidence
for the possible role of a short duration of breastfeeding or
early CM exposure in the pathogenesis of Type 1 diabetes.
Gerstein [56] analyzed in 1994 13 case-control studies and
found that the risk of diabetes was 1.4 times higher in chil-
dren who were breast-fed for less than 3 months and 1.6
times higher in those exposed to CM before the age of
3 months. The author concluded that early CM exposure
might be an important determinant of subsequent Type 1
diabetes. Norris and Scott [57] reported quite similar risk
ratios, 1.2 and 1.6, respectively, but emphasized that the
increased risk of Type 1 diabetes associated with any of the
infant diet exposures is low. They pointed out that retro-
spectively collected infant diet data might have their lim-
itations due to possible recall bias and different response
rates for cases and controls. The above mentioned risk
ratios most likely underestimate the association between
Type 1 diabetes and early CM exposure, however. Firstly,
the breastfeeding data did not reflect exclusive breastfeed-
ing in most studies. Secondly, controls for these studies
were drawn from the general population, and such con-
trols will include a majority of individuals not genetically
susceptible to Type 1 diabetes.

Four birth cohort studies have assessed the relation-
ship between infant feeding patterns and the appearance
of diabetes-associated autoantibodies [58–61]. The statis-
tical power of these studies is so far low, since the num-
ber of seroconverters is limited in all of them. None of
the studies reported any association between breastfeed-
ing or age at exposure to CM proteins and the emergence
of maximally three diabetes-associated autoantibodies. In
the Finnish Type 1 Diabetes Prediction and Prevention
(DIPP) Study short exclusive breastfeeding and early in-
troduction of CM-based formula were, however, related to
an increased risk of developing progressive beta-cell au-
toimmunity reflected by positivity for IA-2 autoantibodies
and all four autoantibody specificities analyzed. These ob-
servations suggest that early exposure to CM proteins is
rather a promoter of beta-cell autoimmunity than a trigger
of the process.

Immune responses to CM proteins in patients
with newly diagnosed Type 1 diabetes
Savilahti et al. [62] reported in 1988 that children with
newly diagnosed Type 1 diabetes had significantly higher

levels of serum IgA antibodies to CM and BLG, and IgG
antibodies to BLG than age-matched controls. The authors
inferred alternatively that the pattern of CM consumption
is altered in children who will develop Type 1 diabetes, the
immunological reactivity to CM proteins is enhanced, or
the permeability of their intestines to CM proteins is higher
than normal. This finding has been confirmed in the na-
tionwide “Childhood Diabetes in Finland” study, compris-
ing 706 children with newly diagnosed Type 1 diabetes,
456 non-diabetic siblings and 105 unrelated age-matched
controls below 7 years of age [63]. A Swedish nationwide
case-control study showed that most CM antibody levels
tended to be increased in diabetic children when compared
with controls, the difference being significant for IgA an-
tibodies to CM, bovı́ne serum albumin (BSA) and BLG
[64,65]. The differences in these antibodies were more
pronounced among young children. In a multiple logistic
regression analysis, the authors observed that IgA antibod-
ies to BLG were significantly associated with an increased
risk of diabetes at young age independent of ICA status
and of early weaning to CM-based formula. The authors
concluded that in genetically susceptible children early
exposure to BLG might be one of the triggers of the au-
toimmune process leading to the development of Type 1
diabetes.

The humoral immunity to various CM proteins has sub-
sequently been studied in children and adults with Type
1 diabetes by many groups as reviewed by Åkerblom and
Knip [3]. A majority of these studies have reported in-
creased antibody levels to one or more protein compo-
nents in CM. An enhanced humoral immune response to
CM proteins seem to be specific for Type 1 diabetes, since
elevated levels have not been generally observed in other
autoimmune diseases. The active immune response has
been reported to be restricted to CM proteins, since pa-
tients with newly diagnosed Type 1 diabetes have not been
shown to have increased antibody levels to other dietary
antigens, such as ovalbumin or gliadin [62,65].

Observations on the cellular immunity to CM proteins
are of potential interest, as all pathogenetic models of Type
1 diabetes ascribe a crucial role to T cells as actively in-
volved in beta-cell destruction. The published data on T-
cell responses to CM proteins are controversial. Enhanced
T-cell responses have been reported to BSA, the ABBOS
fragment of BSA (amino acids 152–168), BLG and beta-
casein [see 3]. These observations have not been consis-
tently confirmed in other studies, however.

Possible mechanisms involved in the beta-cell lesions
related to CM proteins
Several mechanisms have been proposed to explain how
CM proteins may be related to beta-cell lesions. The
BSA hypothesis, according to which structural homology
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between BSA and an islet protein p69 leads to a misdi-
rected immune response against p69, was introduced in
1992 by Karjalainen et al. [66]. Another hypothesis is
based on the observation that digestion of bovine beta-
casein results in a bioactive peptide, beta-casomorphin-7,
with immunosuppresive activity [67]. A third alternative
is that subjects who develop Type 1 diabetes have a dys-
regulated mucosal immune response predisposing to au-
toimmune diabetes [68,69].

Recently Vaarala et al. [70,71] suggested that early
feeding with CM-based formulas results in immunization
to bovine insulin that differs structurally from human in-
sulin in three amino acid positions (amino acids 8 and 10
in the A-chain and amino acid 30 in the B-chain). Infants
fed with CM-based formulas had significantly higher IgG
antibodies to bovine insulin than breast-fed infants at the
age of 3 months. No such difference was seen any more
between these two groups at the age of 12 and 18 months,
but as a matter of fact the antibody levels decreased in both
groups reflecting the induction of oral tolerance to bovine
insulin. There were, however, 11 deviant infants who de-
veloped signs of beta-cell autoimmunity over their first 2
years of life and whose IgG class antibodies to bovine in-
sulin increased during longitudinal follow-up. Infants fed
a CM-based formula have also been shown to have a higher
T-cell response to bovine insulin at the age of 3 months
than exclusively breast-fed infants [72]. These observa-
tions suggest that the immune response initially induced
by bovine insulin may later be diverted into autoaggres-
sive immunity against the beta cells in a few unfortunate
individuals. This hypothesis goes along with other obser-
vations suggesting that immunization to insulin plays a key
role in the autoimmune process leading to the loss of pan-
creatic beta cells and the development of Type 1 diabetes.
Insulin is the only known beta-cell specific autoantigen in
Type 1 diabetes and insulin autoantibodies are frequently
detected in young children with newly diagnosed disease
[73,74]. In prospective birth-cohort studies insulin autoan-
tibodies appear most frequently as the first sign of beta-
cell autoimmunity [75,76], indicating that insulin may be
the primary or one of the primary autoantigens in human
Type 1 diabetes.

Regardless of the mechanism the only strategy to defi-
nitely assess the prevailing controversy whether early ex-
posure to CM proteins is a risk factor for Type 1 diabetes in
man is to perform a dietary intervention trial [77]. There-
fore such a trial (Trial to Reduce IDDM in Genetically at
Risk, TRIGR) has been initiated in May 2003 as an inter-
national multicenter study after the study design had been
tested in two pilot studies. The objective of the second pilot
study was to explore whether elimination of CM proteins
over the first 6–8 months of life would decrease the cu-
mulative incidence of diabetes-associated autoantibodies

by the age of 2 years. The intervention resulted in an al-
most significant reduction in the range of 40–60% in the
cumulative incidence of the various diabetes-associated
autoantibodies except for antibodies to glutamic acid de-
carboxylase [78]. This provides the first hint that it may
be possible to manipulate spontaneous beta-cell autoim-
munity in young children with nutritional intervention in
infancy.

Other dietary factors
Some experimental studies indicate that gluten may be
diabetogenic [45,79], but there is limited human data fa-
voring this idea. Studies in BB rats have suggested a dia-
betogenic effect of soy protein [80,81], and Fort et al. [82]
reported that children progressing to Type 1 diabetes had
been given soy-based formulas in infancy more often than
the controls. Recently a protein with a high amino acid
sequence homology with a wheat storage globulin was
identified, and antibodies to this molecule were detected
both in diabetic BB rats and a few patients with newly
diagnosed Type 1 diabetes [83]. The significance of this
molecule in the development of human Type 1 diabetes
remains to be defined. No consistent data are available
on the possible role of dietary fats in the development of
autoimmune diabetes [see 3].

A significant correlation between the incidence of Type
1 diabetes and the national coffee consumption per per-
son has been reported in an ecological study [84]. Later
studies have indicated that the maternal coffee consump-
tion during pregnancy does not affect the risk of diabetes
in the offspring [85,86]. A Swedish study found that a
high groundwater zinc concentration was associated with
a significantly reduced risk for Type 1 diabetes, and the
authors concluded that zinc deficiency may lead to Type 1
diabetes [87].

A European multicenter study observed that vitamin D
supplementation in early childhood was associated with a
decreased risk of Type 1 diabetes [88]. Recently a Finnish
birth cohort study reported that regular or irregular vitamin
D supplementation in infancy is associated with a reduced
risk of Type 1 diabetes later in childhood, while a suspicion
of rickets was linked with an increased disease risk [89].
These observations are theoretically interesting from that
point of view that vitamin D has been shown to prevent
experimental thyroiditis [90] and autoimmune diabetes in
the NOD mouse [91].

Other Environmental Factors

As listed in Table 1 there are a series of other environmen-
tal factors that have been proposed to be involved in the
pathogenesis of Type 1 diabetes. Some new developments
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in this area deserve to be mentioned. An Australian study
reported recently that bafilomycin A1, a macrolide antibi-
otic produced by Streptomyces species ubiquitous in soil,
may induce glucose intolerance and pancreatic islet dis-
ruption in mice [92]. Tuberous vegetables, potatoes and
beets in particular, may be infested by such Strepomyces
species and thereby humans could be exposed to high
concentrations of bafilomycin A1. The potential diabeto-
genicity of this compound is open in man, however.

Increased weight gain in infancy has repeatedly been
reported to be a risk factor for Type 1 diabetes later in
childhood [see 4]. A Finnish study showed that those chil-
dren who presented with Type 1 diabetes had been not only
heavier but also taller in infancy [93]. Increased height and
weight later in childhood turned as well out to be definite
risk factors for Type 1 diabetes [94]. Accelerated linear
growth and weigh gain results in an enhanced beta-cell
load and increasing insulin resistance. It has been shown
experimentally that active beta cells are more prone to
cytokine-induced damage than resting cells. This suggest
that rapid growth induces beta-cell stress. According to
the accelerator hypothesis recently presented by Wilkin
[95] insulin resistance is an important factor affecting the
rising incidence of both Type 1 and Type 2 diabetes, the
only differences between these two forms of diabetes be-
ing the pace of progression to overt disease and the fact
that those who present with Type 1 diabetes carry genetic
predisposition to autoimmunity.

A Pathogenetic Model of Type 1 Diabetes

A series of observations suggest that beta-cell autoimmu-
nity may be triggered by an environmental culprit at any
age, although a majority of the processes appear to start
early in childhood [96]. Figure 1 presents a pathogenetic

Fig. 1. Progression from genetic susceptibility to clinical Type 1
diabetes initiated by an exogenous trigger, driven by an exogenous
antigen and modified by a series of environmental factors.

Table 2. Essential elements in the development of Type 1 diabetes

Genetic Exogenous trigger Driving antigen Type 1
diabetes (Critically timed dia- (High exposure diabetes as
susceptibility betogenic enterovirus) to bovine insulin) outcome

− − − No
+ − − No
− + − No
+ + − No
− − + No
+ − + No
− + + No
+ + + Yes

model of Type 1 diabetes according to which the genetic
disease susceptibility allows the initiation of a beta-cell
destructive process resulting in the presentation of clini-
cal Type 1 diabetes in some unfortunate individuals. What
might be the most likely environmental trigger of beta-cell
autoimmunity? Based on present knowledge a critically
timed diabetogenic enterovirus infection is the most likely
candidate. Initiation of the process does not necessarily
lead to progression to clinical disease, however. According
to the hypothesis favored by this author there is a need for a
driving exogenous antigen playing the same role as gluten
in celiac disease. Bovine insulin present in most CM-based
products could be such a driving antigen, high exposure to
the antigen resulting in a progressive destructive process.
A Finnish study have shown that a high CM consumption
(more than two glasses of milk/day) is associated with an
increased risk of seroconversion to autoantibody positiv-
ity and progression to clinical Type 1 diabetes in initially
non-diabetic siblings of affected children [54] supporting
the idea that a CM component could be the driving dietary
antigen in Type 1 diabetes. In addition there are most likely
a series of environmental factors modifying the fate and
pace of the beta-cell destructive process. Such factors may
include e.g. non-specific infections, weight gain, acceler-
ated linear growth, and vitamin D supplementation. This
hypothesis holds that progression to clinical diabetes re-
quires the combination of genetic disease susceptibility,
a critically timed diabetogenic enterovirus infection and
high exposure to dietary bovine insulin (Table 2). If any
of these determinants is missing or any of the exogenous
factors inappropriately timed the risk of Type 1 diabetes
is minimal even in the presence of the other predisposing
elements. Such a model can also explain why only about
10% of those with HLA-conferred genetic susceptibility
to Type 1 diabetes do progress to overt disease.

Conclusions and Future Directions

Why is it important to pursue studies on the role of envi-
ronmental factors in the pathogenesis of Type 1 diabetes?
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The identification of exogenous factors triggering and po-
tentiating beta-cell destruction offers potentially means
for intervention aimed at the prevention of Type 1 dia-
betes. Environmental modification offers likely the most
powerful strategy for effective prevention of this disease,
since such an approach can target the whole population
or at least that proportion of the population carrying in-
creased genetic disease susceptibility and would therefore
prevent both sporadic and familial Type 1 diabetes, if suc-
cessful. This consideration is crucial, since the sporadic
cases comprise 83–98% of all children with newly diag-
nosed diabetes according to a recent European survey [9].
The preliminary results of the second pilot study of the
TRIGR project, suggesting that it is possible to manipulate
the spontaneous appearance of beta-cell autoimmunity by
dietary modification early in life in high risk individuals,
represent the first indication that environmental modifica-
tion may affect the natural history of preclinical Type 1
diabetes.

The scientific challenges in the near future are to define
the most likely environmental culprits and potentiators
of beta-cell autoimmunity and to delineate how exoge-
nous factors affect the natural history of Type 1 diabetes
in the preclinical phase. A new consortium comprising
six prospective birth cohort studies, the German BABY-
DIAB Study, the American Diabetes Autoimmunity Study
in the Young (DAISY) and the Finnish DIPP Study among
others, and observing risk individuals from birth through
signs of beta-cell autoimmunity to clinical disease pro-
vides an optimal setting for successful detective work.
This TEDDY (The Environmental Determinants in Di-
abetes of the Young) consortium has been funded by
the National Institute of Diabetes, Digestive and Kidney
Diseases (NIDDK) for a 5-year period (2003–2007). We
have also to keep our eyes and minds open for poten-
tial protective environmental factors, since family studies
have shown that all high risk individuals do not progress
to clinical diabetes within a foreseeable period of time
[98,99].
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24. Hiltunen M, Hyöty H, Knip M, Ilonen J, Reijonen H, Vähäsalo P,
Roivainen M, Leinikki P, Hovi T, Åkerblom HK, The Childhood
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Väätäinen M, Ilonen J, Simell O, Åkerblom HK. Cow milk for-
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