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Abstract

Type 1 diabetes (T1D) is a T cell-mediated autoimmune
disease in which insulin-producing beta cells of the pancre-
atic islets of Langerhans are destroyed. The nonobese dia-
betic (NOD) mouse is one of the rare spontaneous models
that enable the study of prediabetic pancreatic events. The
etiology of the autoimmune attack in human and animal
T1D is still unknown, but genetic and environmental factors
are involved in both cases. Although several autoantigens
have been identified and defective immune-system regula-
tion is implicated, this information does not satisfactorily
explain the generally accepted beta-cell specificity of the
disease or how so many and diverse environmental factors
intervene in its pathogenesis. Based on data obtained from
evaluating glucose homeostasis in a variety of situations,
particularly stress and cytokine administration, in young
prediabetic NOD mice, the author hypothesizes that the islet
of Langerhans is a major actor, and its altered regulation
through environmentally induced insulin resistance might
reveal latent T1D. It is also postulated that T1D pathogen-
esis might be linked to abnormal pancreas development,
probably due to disturbances of glutamic acid decarboxyl-
ase (GAD)" innervation phagocytosis by defective macro-
phages during the early postnatal period. Also discussed is
the role of defective presentation of pancreatic hormones
and GAD in the thymus, and its potential repercussion on
T-cell tolerance. Observations have demonstrated that the
diabetogenic process in the NOD mouse is extremely com-
plex, involving neuroendocrine immune interaction from
fetal life onward.
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Introduction

ype 1 diabetes mellitus (T1D"), observed predomi-
nantly in children and young adults, is a multigenic
disease strongly dependent on numerous environmen-
tal factors, as schematized in Figure 1 (Atkinson and Eisen-
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barth 2001; Dahlquist et al. 1999; Homo-Delarche 1997;
Todd and Wicker 2001). T1D results from the autoimmune
destruction of insulin-producing beta cells in pancreatic is-
lets of Langerhans. Despite extensive genetic and immuno-
logical investigations, mainly conducted in spontaneous
animal models (particularly the nonobese diabetic [NOD']
mouse but also the bio-breeding [BB'] rat), the etiology of
the disease remains unknown (Atkinson and Leiter 1999;
Mathis et al. 2001; Notkins and Lernmark 2001). As in
humans, autoimmune diabetes is a polygenic disorder in
which more than 15 susceptibility loci have been described
(Todd and Wicker 2001). Because genetic and immunologi-
cal data have been abundantly reviewed (Atkinson and
Eisenbarth 2001; Atkinson and Leiter 1999; Bach 1994;
Beyan et al. 2003; Moriyama and Eisenbarth 2002; Todd
1995; Todd and Wicker 2001), the focus in this article is on
the less known neuroendocrine aspects of diabetes develop-
ment in the prediabetic NOD mouse.

In NOD mice, the first immune cells, macrophages
(M®s') and dendritic cells (DCs'), also known as antigen-
presenting cells (APCs"), accumulate around NOD pancre-
atic islets and ducts at weaning (3 wk of age) (Figure 2)
(Jansen et al. 1994; Jansen et al. 1996; Rosmalen et al.
2002a). Subsequently, T cells migrate to the pancreas and
home (or accumulate) around ducts (periductulitis) and is-
lets (peri-insulitis), followed by M®, DC, and T-cell infil-
tration into the islets (insulitis). Destructive insulitis
coincides with scavenger M® influx and finally leads to
beta-cell destruction and overt symptoms of T1D (Jansen et
al. 1994; Rosmalen et al. 2002a). Generally, NOD females,
whose islets are precociously infiltrated, become diabetic
earlier (as of 3 mo of age) and at greater frequency than
males. In the Necker Hospital colony (Paris, France), 80%
and 40% of females and males, respectively, generally be-
come diabetic at 6 mo of age.

Because of the existence of NOD sexual dimorphism
and the impact of some environmental factors (e.g., stress,
infections, and diet) on the clinical onset of T1D, colleagues
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Figure 1 The complexity of one or more genotype—environment interactions in type 1 diabetes (T1D). From Todd JA, Wicker LS. 2001.
Genetic protection from the inflammatory disease type 1 diabetes in humans and animal models. Immunity 15:387-395. Copyright © 2001

Elsevier. Reprinted with permission.

and I? examined more closely the impact of some of these
factors on NOD mice. The data obtained led us to study
glucose homeostasis in young prediabetic NOD mice, and
we advanced the hypothesis that the islet of Langerhans and
its innervation are major actors in T1D progression (Homo-
Delarche 1997; (Homo-Delarche and Boitard 1996; Homo-
Delarche 1997). Moreover, in the context of the possible
role of defective presentation of pancreatic hormones in the
thymus with one or more potential repercussions on T-cell
tolerance, we also evaluated the thymic expression of pan-
creatic hormones. Our own data presented in this article are
interwoven with those of other investigators obtained in
similar or close domains to yield a coherent working hy-
pothesis of T1D pathogenesis. Furthermore, as often as
possible, we compare the neuroendocrine events that take
place during the progression of the NOD disease with
human T1D.

Effects of Hormones and Environment on
NOD Insulitis and Diabetes Incidence

Hormones and environmental factors modulate immune and
autoimmune responses (Homo-Delarche and Dardenne
1993; Homo-Delarche and Durant 1994). Sex steroids are
part of the mechanism underlying the well-recognized im-
mune sexual dimorphism, which is particularly evident in
autoimmune diseases (Ansar Ahmed et al. 1985; Talal and
Ansar Ahmed 1987). Moreover, clinical and experimental
observations link stressful life events and the onset of these
diseases (Homo-Delarche et al. 1991). As part of the endo-
crine response to stress, glucocorticoids exert well-known

2Allusions in this article to the author’s work with others relate to research
with colleagues in their laboratory at CNRS UMR 8603, Hospital Necker/
Université Paris 5, Paris, France.
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anti-inflammatory and immunosuppressive actions but also
act as counterregulatory hormones inducing hyperglycemia
(Homo-Delarche et al. 1991; Porte and Woods 1983).
Therefore, in T1D, glucocorticoids might have both poten-
tially beneficial and deleterious effects. Moreover, NOD
diabetes can be modulated not only by multiple immuno-
therapeutic agents (Bach 2002b), but also by various other
factors, including melatonin, ambient temperature, varia-
tions of protein and carbohydrate intake, insulin and drugs
modulating its secretion or sensitivity, insulin growth fac-
tor-1 (IGF-1"), and leptin.

Sex Steroids, Pregnancy, Prolactin, and
Vitamin D

As mentioned above, NOD mice show sexual dimorphism,
with diabetes appearing earlier and more often in females
than males in most colonies. Orchidectomy soon after wean-
ing significantly increases the prevalence of the disease,
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T Peri-insulitis (APC and lymphocytes)
lslets of Langerhans with insulitis
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Figure 2 Sequential appearance of antigen-presenting cells
(APCs), both dendritic cells and macrophages, and lymphocytes in
nonobese diabetic (NOD) type 1 diabetes mouse pancreata. Clini-
cal onset of diabetes appears when more than 80% of the islets
evidence insulitis.
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whereas ovariectomy reduces it in young adults (Fitzpatrick
et al. 1991; Hawkins et al. 1993; Makino et al. 1981; Ver-
heul et al. 1995). Generally in those studies, the degree of
insulitis coincided with progression to diabetes. Androgen
(dihydrotestosterone) administration, at pharmacological
but also near physiological doses, prevents the disease in
females, whereas a physiological or near physiological,
nontoxic dose of estrogens does not affect disease symp-
toms, raising the possibility that the NOD sexual dimor-
phism is linked to the protective immunosuppressive effects
of androgens (Fox 1992; Hawkins et al. 1993; Verheul et al.
1995). In terms of circulating sex steroids, when compared
with NOD females, NOD males appear, as expected, to
differ only in androgen levels (Durant et al. 1998). Intri-
guingly, although the incidence of diabetes is lower in NOD
females treated with androgens from birth onward, ovariec-
tomy + testosterone increases it to 100%, suggesting that the
neonatal hormonal environment strongly influences diabe-
tes incidence in NOD mice (Hawkins et al. 1993). To what
extent this effect on diabetes incidence results from the
alteration of the hypothalamus-pituitary-adrenal (HPA')
axis due to ovariectomy (and also sham surgery) performed
during the early postnatal period, as demonstrated in rats, is
unknown (Vallette et al. 1982). In this setting, glucocorti-
coid effects all along the HPA axis might be down-
regulated, thereby modifying the postnatal increase and
functioning of their receptors (Sakly and Koch 1981). Of
note, at variance with what is observed in NOD mice, no
sexual dimorphism exists in the BB rat (Rossini et al. 1995).
In human TI1D, a slight male preponderance can be ob-
served, at least in some countries (Homo-Delarche 1997).

The percentages of thymus and spleen cell subpopula-
tions, mitogen reactivity, lymphokine production, and in
vivo response to a thymus-dependent antigen (e.g., sheep
red blood cells) are dependent on or independent of the
sex-steroid environment in adult prediabetic NOD mice. For
example, although castration in both sexes does not affect
splenic T-cell populations, splenic B cells and M®s are
significantly increased (Fitzpatrick et al. 1991). Moreover,
the sexual dimorphism in NOD diabetes incidence (females
being more diabetes prone than males) is reflected by a
difference in thymocyte apoptosis (Casteels et al. 1998).
Apoptosis is decreased 24 hr after incubation with dexa-
methasone in both sexes of NOD compared with C57BL/6
mice, but was lower in NOD females than in NOD males.
Moreover, orchidectomy (which increases this incidence)
diminishes thymocyte apoptosis, and androgen treatment of
NOD females (which lowers diabetes incidence) restores
thymocyte apoptosis to male levels. The active form of
vitamin Dj, 1,25-dihydroxyvitamin D5, which prevents dia-
betes in NOD mice, was shown to restore apoptosis levels to
those of C57BL/6 controls (Casteels et al. 1998; Gregori et
al. 2002; Zella and DeLuca 2003).

At the pancreas level, sexual dimorphism in cytokine
production is also found during the early stages of insulitis
at 4 wk of age (Bao et al. 2002). The level of the TH1
inflammatory cytokine, interferon-y (IFNvy'), is signifi-
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cantly higher in females, in contrast to the TH2 anti-
inflammatory cytokine, interleukin (IL')-4, which is higher
in males. Moreover, estrogens enhance the production of
IL-12, an inflammatory cytokine, by CD4" T cells, whereas
androgens lower IFN+vy-induced IL-12 production.

It is pertinent that mega-islet formation, which takes
place from 6 to 10 wk of age in NOD mice, also shows
sexual dimorphism (Rosmalen et al. 2001; Rosmalen et al.
2002a). NOD females spontaneously develop more mega-
islets than NOD males, in which orchidectomy further in-
creases their number. More mega-islets in castrated NOD
males are associated with more infiltrating immune cells.
These mega-islets are always only weakly insulin positive
compared with smaller islets, suggesting their lower insulin
content, as if they were actively secreting insulin or, by
contrast, completely exhausted. It should be noted that cas-
trated lymphocyte-deficient NODscid mice also have en-
hanced mega-islet formation and DC infiltration, indicating
that lymphocytes are not required for these castration-
induced effects. The latter data suggest that the sex differ-
ence in mega-islet numbers in NOD mice reflects, in part,
an organ-specific androgen effect that is independent of
lymphocytes.

Pregnancy is associated with depressed inflammatory
and immune responses, and increased growth and function
of islets of Langerhans (Aerts and Assche 1975; Homo-
Delarche and Durant 1994). NOD mice treated for 13 wk
with a cocktail of pregnancy hormones, including a
glucocorticoid (dexamethasone), progesterone, estradiol,
growth hormone, and prolactin, are protected from diabetes
and show less insulitis compared with the control group
(saline) (Atwater et al. 2002). Intriguingly, prolactin alone
appears to have only a partial protective effect on diabetes
progression, despite this hormone being known for its im-
munostimulatory and deleterious properties in various au-
toimmune diseases, and its mild counterregulatory effect on
insulin, particularly during normal pregnancy (Atwater et al.
2002; Durant et al. 1995; Homo-Delarche and Durant
1994). In NOD mice, pituitary implants on day 35 of age
enhance prolactin levels and increase the incidence of dia-
betes in intact males and ovariectomized females. Similarly,
metoclopramide, which counteracts the effect of bromocrip-
tine, known to inhibit prolactin secretion, aggravates diabe-
tes. Inversely, bromocriptine protects NOD females when
administered daily subcutaneously, but not intraperitoneally
(Durant et al. 1995; Hawkins et al. 1994). This difference
results from the hyperglycemic effect of intraperitoneal ad-
ministration of bromocriptine. Finally, prolactin and IL-2
receptors in splenic and pancreatic immunocompetent cell
populations appear to be similarly expressed in NOD fe-
males and males (Hawkins et al. 1996).

Behavior, Stress, Glucocorticoids,
and Melatonin

Based on behavioral testing of the numbers of squares
crossed and rearings in an open field, Amrani and col-
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leagues (1994) concluded that 2-mo-old prediabetic NOD
mice of both sexes are more active than their control
C57BL/6 counterparts, which were described as a very ac-
tive mouse strain. It is generally held that the most active
mice in the open field are the least emotional. Moreover, the
less emotional females become diabetic earlier and the more
diabetes-resistant NOD males are more emotional than
NOD females (Ader et al. 1991). NOD mice also exhibit
increased sensitivity to the behavioral effects (social explo-
ration, locomotor activity, and rearings) of IL-1 injections
compared with outbred ICR mice from which the inbred
NOD strain originated (Bluthe et al. 1999). These data sug-
gest that emotionality via neuroendocrine changes, possibly
linked to the degree of physical activity, may be a mediating
factor that modulates diabetes expression (Ader et al. 1991).

NOD mice have been subjected to various stressors pre-
natally, neonatally, or during early adulthood. Prenatal
stress induced by immobilization of the mothers during the
last week of gestation accelerates diabetes onset and in-
creases its prevalence in NOD females, whereas it has no
effect in NOD males (Saravia-Fernandez et al. 1996a). Neo-
natal separation of NOD progeny from their mothers has
been reported to increase the risk of developing diabetes in
both sexes significantly, but to have no effect on insulitis
(Dahlquist and Kallen 1997). It has been suggested that the
heightened risk could be associated with the induction of
metabolic alterations leading to increased peripheral insulin
requirements, perhaps in relation to insulin resistance. Short
acute stress, induced by a triad of stressors (overcrowding +
repeated restraint + anesthesia) applied during the week
immediately after weaning reportedly does not affect dia-
betes expression (Durant et al. 1993). However, when ap-
plied later, from the 6th to the 8th week of age, the same
combination of stressors has protected NOD mice, particu-
larly males, against diabetes, (Saravia-Fernandez et al.
1996a). Long-term chronic stress, obtained by restraint once
a week or overcrowding, significantly protects NOD fe-
males (Durant et al. 1993). However, the stress effect on
insulitis does not parallel the effects on diabetes incidence
for all of the groups described above. It should also be noted
that long-term injection of vehicle (0.9% saline) alone is
able to delay the appearance and/or decrease the incidence
of diabetes in both sexes of NOD mice (Saravia-Fernandez
et al. 1996a). A stressful condition such as immobiliza-
tion increases circulating corticosterone and progesterone
concentrations (in both sexes of NOD mice) concomitantly
with testosterone decrease in males (Durant et al. 1998).
Moreover, rodents, particularly NOD mice, exhibit marked
sexual dimorphism in stress-induced corticosterone
(Amrani et al. 1996; Durant et al. 1998; Homo-Delarche
et al. 1991).

Although NOD females that have been subjected to re-
peated restraint remain able to respond with a dramatic in-
crease of serum corticosterone, various immune parameters,
including spleen B- and T-lymphocyte proliferation, are un-
affected (Durant et al. 1993; Fitzpatrick et al. 1992). How-
ever, in vivo, NOD mice appear to be resistant to thymus
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cell depletion caused by acute and chronic stress and/or
infection, and in vitro, as mentioned above, NOD thymo-
cytes are resistant to glucocorticoid-induced apoptosis
(Casteels et al. 1998; Durant et al. 1993; Martins and Aguas
1999). Although up-regulated expression of the bcl-2 gene
has been postulated, evidence suggests that the molecule
responsible for this resistance acts up-stream from the bcl-2
gene (Garchon et al. 1994; Martins and Aguas 1996). It has
also been shown that in NOD mice, the glucocorticoid re-
sponse involves a prolonged exposure to high levels of the
survival signal represented by the Myc protein, which might
delay thymocyte and splenocyte apoptosis (Martins and
Aguas 1998).

Adrenalectomy, which reduces corticosterone secretion
(albeit not completely in mice), tends to accelerate diabetes
onset, particularly in NOD males (Durant et al. 1993; Sara-
via-Fernandez et al. 1996a). The number of islet glucocor-
ticoid receptors in all types of endocrine pancreatic cells
decreases appreciably at 3 wk of age, but with no sexual
dimorphism (Thompson et al. 2002). This glucocorticoid-
receptor loss might contribute to the onset of insulitis and
potentially to the ontogeny of diabetes in NOD mice as a
result of loss of immunosuppressive glucocorticoid effects,
particularly on cytokine production (Perretti et al. 1989).
Pertinently, in prediabetic NOD islets, IL-1 receptors are
expressed with the same density, affinity, and specificity as
in control strains (Jafarian-Tehrani et al. 1995).

Researchers have also assessed the effect of melatonin,
a hormone produced by the pineal gland and known to
counteract glucocorticoid-induced thymus atrophy and im-
munosuppression in NOD females. Conti and Maestroni
(1996) have reported that neonatal pinealectomy accelerates
diabetes development, and exogenously administered mel-
atonin protects the animals, in spite of its enhancement of
insulin autoantibodies (IAAs").

Infections

Infections generate opposite effects on T1D, as described
above for other environmental factors. First, they have an
apparent protective effect against both NOD and human
TI1D (Bach 1994). For example, in susceptible strains of
mice or rats, autoimmune diseases, particularly T1D, de-
velop earlier and more frequently among animals bred in a
specific pathogen-free environment. Indeed, infecting
young NOD mice with various pathogens can prevent
diabetes (Bach 2002a). It is unknown to what extent this
protection might be the partial result of long-term immuno-
suppression of glucocorticoids, whose secretion is triggered
by cytokines (Bateman et al. 1989; Besedovsky and del Rey
1996, Fukata et al. 1994, Tilders et al. 1994).

Second, among environmental factors triggering T1D,
much attention has been focused on viruses (Jun and Yoon
2003). To date, 13 different viruses have been reported to be
associated with T1D development in humans and various
animal models. The most clear and unequivocal evidence

ILAR Journal



that a virus induces diabetes in animals comes from studies
on the encephalomyelitis virus in mice and the Kilham rat
virus in rats (Jun and Yoon 2003). In human diabetes, sev-
eral other viruses in addition to the enteroviruses have been
considered potentially causal agents (Hyoty and Taylor
2002). With the exception of congenital rubella, their role is
not clear. Enteroviral infections appear to accompany or
precede the onset of diabetes in children. As with rubella,
enteroviral infection may induce beta-cell autoimmunity
even in utero (Dahlquist et al. 1999; Otonkoski et al. 2000).

The following several mechanisms have been advanced
to explain how viruses might trigger T1D: (1) Sequence
similarities between islet-cell GAD and coxsackievirus
could cause an immune attack against coxsackievirus and
also beta cells. (2) Enteroviral infections could sustain au-
toimmunity until a final “hit” results in beta-cell loss. (3)
Acute or chronic enteroviral infections in peri-insular tissue,
because of excess production of free radicals, could cause
beta-cell destruction (Graves et al. 1997; Jun and Yoon
2003). However, there is also evidence in humans that in-
creased insulin resistance during infection (e.g., a flu-like
viral infection) might cause insulin deficiency in individuals
with widely fluctuating residual beta-cell activity (Wasmuth
et al. 2000). Even moderate infections can be responsible
for severe insulin resistance, with striking plasma insulin
increases to maintain normal glycemia (Sammalkorpi 1989;
Yki-Jarvinen et al. 1989). Pertinently, after a single injec-
tion of IL-1, an inflammatory cytokine, NOD females
mount a huge corticosterone response, which induces a tran-
sient state of insulin resistance that prevents the IL-1-
elicited hypoglycemia that occurs normally (Amrani et al.
1996). When mice are adrenalectomized before IL-1 injec-
tion, hypoglycemia characterizes only the NOD females,
thus demonstrating the role of glucocorticoids in their IL-
1-induced insulin resistance. NOD males, despite their
higher insulin secretion and lower corticosterone response,
compared with females, are resistant to the IL-1-induced
hypoglycemic effect. Furthermore, their strong IL-1-
induced insulin secretion is androgen dependent, because it
is suppressed by orchidectomy (Amrani et al. 1996). In
normal rats, testosterone has a direct effect on pancreatic
islet function by favoring insulin gene expression and se-
cretion (Moriyama and Eisenbarth 2002). Hence, androgens
appear to be intricately involved in the IL-1-induced insulin
resistance of NOD males. The androgen-induced insulin
resistance has been described in other mouse strains (Leiter
1989).

Ambient Temperature

Low ambient temperature may be considered a stressful
condition that alters glucose homeostasis (MacDonald et al.
1987). In this context, NOD mice placed at 23.7°C upon
weaning have a lower diabetes incidence at 30 wk of age
than those placed at 21.1°C, yet the degree of insulitis does
not differ (Williams et al. 1990). Animals housed at the
lower temperature have a transiently higher food intake be-
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tween 13 and 15 wk of age that stimulates beta cells. Per-
tinently, children’s overeating has recently been cited as
partly explaining the increasing incidence of juvenile T1D,
as for type 2 diabetes (T2D"') (Pundziute-Lycka et al. 2003).
Cold temperature and overeating, and their potential rela-
tionship, should be investigated more thoroughly as factors
favoring diabetes expression along the so-called T1D
North-South gradient, just as cold temperature and infec-
tions might explain increased seasonal (autumn/winter)
T1D incidence, perhaps concomitantly with overeating
(Bach 2002b; Dahlquist et al. 1999). Moreover, a cold en-
vironment is also associated with low exposure to sunlight,
which might lead to vitamin D deficiency (Bach 2002b). As
mentioned above, vitamin D has been shown to protect
against T1D.

Proteins, Free Fatty Acids, and Carbohydrates

Epidemiological and animal studies in BB rats and NOD
mice have shown that diabetes is a food-influenced disease.
Notably, the timing of dietary changes is important, because
the maternal diet influences diabetes in NOD offspring
(Funda et al. 1999; Reddy et al. 1995). Although the data
concerning the diabetogenic effects of milk proteins have
become very controversial, wheat flour and soybean pro-
teins are still thought to be the major identified diabetogenic
foods (Hoorfar et al. 1993; Paxson et al. 1997; Scott and
Marliss 1991; Scott et al. 1988). NOD mice fed a gluten-
free diet, while maintaining the same potentially diabeto-
genic protein (e.g., soybean and milk proteins) consumption
and never exposed to gluten even in utero because NOD
breeding pairs ate same diet, evidence a much lower T1D
incidence (Funda et al. 1999). The mechanisms by which
the different diabetogenic components act on diabetes de-
velopment in BB rats and NOD mice are still unknown, but
the involvement of the mucosal immune system (e.g., in
celiac disease), which is often associated with T1D, is not
excluded.

Essential fatty acid deficiency (EFAD') has an antidia-
betogenic effect in multiple low-dose streptozotocin-treated
mice and BB rats (Lefkowith et al. 1990; Wright et al.
1991). NOD females fed an EFAD diet from weaning have
a sharply decreased cumulative T1D incidence, but the in-
sulitic process was unaffected (Benhamou et al. 1995). The
results of studies on various immune parameters suggested
a heightened activity of TH2-like cells, concomitantly with
an effect on antigen-presenting cells (APCs'), which is
linked to less eicosanoid metabolism. Pertinently, we dem-
onstrated that peritoneal M®s of prediabetic NOD mice
have enhanced production of prostaglandins and leukot-
rienes (Lety et al. 1992).

A final important dietary component that influences dia-
betes is that of carbohydrates. As for some other environ-
mental factors, the timing of exposure to glucose appears to
be important. Although NOD mice rarely become diabetic
during their first gestation (indeed, they are slightly hypo-
glycemic because of hyperinsulinemia; our unpublished ob-
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servations), the risk is greatly increased during their second
and third pregnancies. According to the degree of maternal
hyperglycemia, the consequences can be mild (macrosomia,
organomegaly, increased insulin content) or severe (intra-
uterine death, malformations) (Formby et al. 1987).

At birth, beta cells, which are immature, produce only
basal amounts of insulin and are unresponsive to glucose
(Asplund 1973). Exposure to a high level of glucose in utero
might accelerate the beta-cell maturation process and en-
hance the expression of different beta-cell antigens (Bock et
al. 1991; Buschard 1991). The results of two studies have
shown that neonatal beta-cell stimulation by intraperitoneal
injection of glucose, associated or not with glucagon or
arginine, twice a day for the first 6 days of life attenuates
diabetes in BB rats and NOD mice. However, in those stud-
ies, controls were left untreated, therefore underestimating
the protective effect of vehicle injection alone, as mentioned
above (Bock et al. 1991; Buschard 1991; Saravia-Fernandez
et al. 1996a). By contrast, in a third study in which control
NOD mice received two daily injections of vehicle (saline)
for the first 6 days of life, neonatal injections of glucose and
arginine aggravated insulitis and accelerated diabetes only
in NOD females (Senecat et al. 1994). Concomitantly, pan-
creatic expression of antigens recognized by islet cell anti-
bodies and mRNA for the potential autoantigen GAD67
were increased by glucose-arginine treatment, and the im-
mune parameters evaluated were not affected. The authors
concluded that the effects observed might reflect acceler-
ated beta-cell maturation and overexpression of islet
antigens during the completion of self-tolerance or ampli-
fication of the destructive process due to the existence of
more target cells for effector cells. In humans, insulin se-
cretion may differ in response to mother’s milk or cow’s
milk formula (Lucas et al. 1981). Infants fed formula (from
birth) mounted a stronger insulin response than breast-fed
infants, suggesting beta-cell hyperactivity in the former. To
what extent this effect might be linked to the extensively
debated protective effect of breast milk versus formula in
T1D is unknown.

Glucose-enriched water given ad libitum after weaning
(from 4 wk of age) to NOD mice does not increase diabetes
incidence, as expected, but instead lowers blood glucose
levels and leads to delayed onset and lower diabetes inci-
dence, particularly in females. This effect has been attrib-
uted to improved insulin release and/or lower intake of
chow diet with its diabetogenic catalysts (Granot et al.
1994). Also contrary to expectations, a fructose-enriched
diet, which causes insulin resistance and hyperinsulinemia
in normal and diabetes-prone rats, protects NOD mice
against developing diabetes when administered from wean-
ing (Orban et al. 2001). NOD mice fed fructose have in-
creased glucose tolerance and insulin secretion, elevated
liver insulin-receptor substrate, and preserved beta-cell
mass.

The effects of diazoxide, which inhibits insulin secre-
tion, and tolbutamide, which stimulates insulin secretion,
were examined in NOD mice treated from 3 wk of age
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(Williams et al. 1993). Only tolbutamide lowers their dia-
betes incidence, but high dose levels of tolbutamide aggra-
vate insulitis. Monosodium glutamate administered to
neonatal NOD females results in obesity associated with
stunting, hyperinsulinemia, and elevated corticosteronemia
(Nakajima et al. 1985). However, insulitis and cumulative
incidence are lower than for the control group. Prophylactic
insulin administration prevents insulitis and diabetes in
NOD mice and BB rats, but available clinical trial data are
not convincing (Pozzilli 2002). Both NOD and NODscid
mice receiving this therapy develop fewer mega-islets
(Jansen et al. 1996; Rosmalen et al. 2002a). Moreover,
treated NODscid mice have less APC infiltration, indicating
that the protective effect is not solely the induction of im-
munological tolerance to insulin, which is considered to be
a major autoantigen (Karounos et al. 1997). These observa-
tions suggest one or more important links between the func-
tional status of the islet, leukocyte infiltration, mega-islet
formation in NOD and NODscid mice, and—only in NOD
mice—between insulitis and diabetes (Rosmalen et al.
2002a).

Thiazolidinediones (TZDs') are drugs that act as recep-
tor agonists to reduce insulin resistance. They are currently
used in combination with other hypoglycemic agents to treat
T2D, and their effects on NOD mice have been evaluated.
TZDs are also of interest because they possess anti-
inflammatory properties that may have the potential to limit
immune-cell inflammation that occurs in the islets of T1D.
Both rosiglitazone and troglitazone, given by gavage from 3
wk of age, lower diabetes incidence. However, troglitazone
has marked hepatotoxicity at the dose used (Beales and
Pozzilli 2002). By down-regulating IL-1B-induced intercel-
lular molecule adhesion-1 expression on islet cells, trogl-
itazone modulates the ability to target autoimmune beta-cell
destruction. By modifying IFN+y production, it also acts on
T cells, the major effectors of the autoimmune process
(Augstein et al. 2003).

Insulin Growth Factors

IGF-1, which shares structural homology with insulin and
has an insulin-like metabolic effect, has been given to NOD
females (Kaino et al. 1996; Yakar et al. 2001). Only early
short-term (4-9 wk of age) but not long-term (4-34 wk of
age) treatment delays diabetes onset and limits insulitis.
IGF-1 also lowers the T1D incidence after transfer of auto-
reactive T cells from diabetic mice to nondiabetic NOD
recipients (Bergerot et al. 1995). In these transfer experi-
ments, IGF-1 treatment contains insulitis and T-cell traf-
ficking to lymphoid organs. Moreover, beta-cell mass, as
assessed by insulin immunolabeling, is better preserved in
IGF-1-treated mice than in controls, but pancreatic insulin
contents and amounts of mRNA proinsulin transcripts are
similar. Pertinently, IGF-1 is known to stimulate prolifera-
tion and prevent apoptosis of pancreatic beta cells (Hill et al.
1999; Hugl et al. 1998).
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IGF-2 might be implicated in biological functions rel-
evant to autoimmune diabetes, including inhibition of
stimulation of beta-cell proliferation and apoptosis (Chris-
tofori et al. 1995; Halminen et al. 1996; Hill and Hogg
1991). That IGF-2 is produced by lymphocytes and ex-
pressed in the thymus might be important in the control of
the autoimmune response (Geenen and Lefebvre 1998; Ny-
man and Pekonen 1993; Vafiadis et al. 1998). The defective
thymus IGF-2 expression observed in BB rats led to the
hypothesis that this defect might be detrimental to insulin
tolerance and favor diabetes development (Geenen and
Lefebvre 1998).

Leptin

Finally, the impact of leptin, the product of the obese gene,
has also been examined in NOD mice. Initial evidence sug-
gests that its main function is to regulate body weight, en-
ergy balance, and endocrine functions (Lonnqvist and
Schalling 1997). However, leptin also influences immune
and inflammatory responses, particularly, exerting proin-
flammatory effects (Fantuzzi and Faggioni 2000; Howard et
al. 1999; Lord et al. 1998). In NOD females, serum leptin
levels, which are already higher than those of NOD males or
control strain females at 6 wk of age, increase sharply soon
after the onset of hyperglycemia (Matarese et al. 2002).
Intraperitoneal injections of recombinant leptin, when ad-
ministered early in life, accelerate the development of
autoimmune diabetes only in NOD females, enhance im-
mune-cell infiltration, and augment IFN+vy production by T
cells, suggesting that leptin favors proinflammatory T-cell
responses.

Thus, T1D is very sensitive to numerous hormonal and
environmental factors. For this reason, it is not surprising
that the diabetes incidence can vary among NOD colonies
worldwide (Pozzilli et al. 1993). Moreover, it is worth not-
ing that in spontaneous animal models of T1D and in human
disease, factors such as infections, dietary modifications,
stressful events, puberty, and pregnancy, which increase
insulin resistance and beta-cell activity thereby lowering
resistance of T1D-prone individuals to microenvironmental
factors involved during the progression of insulitis, could
exacerbate the insidious progression to T1D. The effect of
puberty, which intervenes immediately after weaning in ro-
dents, has not been evoked until now, except indirectly in
terms of castration in NOD mice. However, in humans,
puberty, which induces insulin resistance, is well recog-
nized as a factor triggering the clinical onset of both T1D
and T2D (Amiel et al. 1991; Bergstrom et al. 1996; Caprio
et al. 1989). One important feature of puberty is rapid
growth, and growth hormone is known to increase periph-
eral insulin resistance (Amiel et al. 1986). Finally, in addi-
tion to its transmissible genetic origin, it has been suggested
that human T1D diabetes is a congenital disorder (Bruining
and Batstra 1999; Todd and Wicker 2001). Evidence related
to human T1D has accumulated to indicate that the patho-
genetic process may start early in life, even in utero, with
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increased risk observed (1) for maternal-child blood group
incompatibility, which is associated with beta-cell dysfunc-
tion; (2) with older maternal age, excess weight gain during
pregnancy, and amniocentesis (Vaarala et al. 1999); and, as
mentioned above, (3) with some viral infections during
pregnancy.

Characteristics of NOD Glucose
Homeostasis and Its Regulation During
the Prediabetic Stage

Perinatal Pancreas Abnormalities in
Autoimmune Diabetes

Some of the data presented above would seem to indicate
that the clinical expression of T1D is “programmed” as
early as intrauterine life in NOD mice. Additional NOD and
human T1D data presented below reinforce the hypothesis.

NOD neonates born to mildly hyperglycemic mothers
have greater birth weights than control newborns (Formby
et al. 1987). Maternal metabolic anomalies lead to high
glucose levels in utero, which stimulate fetal beta cells and
increase birth weight, due to the pleiotropic effects of insu-
lin. We also studied various parameters that affect the pan-
creas and glucose homeostasis of NOD and NODscid
neonates born to young nondiabetic mothers (7 wk old at
mating) and compared them with those of C57BL/6
newborns (Homo-Delarche et al. 2003). Pancreatic insulin
contents and mean islet size, assessed by insulin immuno-
labeling, are similar in the three strains during the first
month of life. Antiglucagon labeling of NOD and NODscid
pancreata reveals high percentages of small glucagon® islets
that decline within the first 2 wk of age, and is suggestive of
islet neogenesis (Pelegri et al. 2001). Concomitantly, com-
pared with control C57BL/6 mice, both NOD strains are
histologically characterized at birth by higher numbers of
large and irregularly shaped islets that also progressively
disappear (S.Geutkens, F. Homo-Delarche, J.M Pléau,
S.Durant, H.A Drexhage, and W. Savino, manuscript in
preparation). Reverse transcriptase-polymerase chain reac-
tion detected enhanced expression of preproinsulin I and II
in both NOD and NODscid mice between 1 and 2 wk of life.

Notably, in all mouse strains investigated, including
controls, pancreatic preproinsulin II expression is 10-fold
higher than that of preproinsulin I. In situ hybridization
revealed that 1-day-old NOD mice express significantly
higher levels of primary preproinsulin II transcripts than
age-matched C57BL/6 mice, but this difference disappeared
during the first week of life. When we treated NOD and
NODscid mothers with insulin (Ultratard, NovoNordisk, 1
U/100 g BW) during the last 2 wk of gestation, insulin
transcriptional activity at birth was down-regulated in fe-
male NOD mice but not in males or both sexes of NODscid.
These findings demonstrate that signs of beta-cell stimula-
tion exist in NOD and NODscid neonates. We cannot ex-
clude that insulin resistance, possibly linked to HPA-axis
disturbances, might play a role in both NOD and NODscid
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