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Summary--Interest in the field of neuroimmunoendocrinology is in full expansion. With 
regard to this, steroid influence on the immune system, in particular sex steroids and 
glucocorticoids, has been known for a long time. Sex steroids are part of the mechanism 
underlying the immune sexual dimorphism, as particularly emphasized in autoimmune 
diseases. Immunosuppressive and anti-inflammatory effects of glucocorticoids are now 
considered a physiological negative feedback loop to cytokines produced during an immune 
and/or inflammatory response. Psychosocial factors may play a role in the development of 
immunologically-mediated diseases, e.g. autoimmune diseases. The nonobese diabetic (NOD) 
mouse, that develops an immunologically-mediated insulin-dependent diabetes mellitus 
(IDDM) is an interesting model to study the role of endogenous steroids. Insulitis is present 
in both sexes, but diabetes has a strong preponderance in females. Hormonal alteration, such 
as castration, modulates the incidence of diabetes, whereas environmental factors, such as 
stress, accelerate the disease. In the present paper, we have reviewed the role of gender, sex 
steroid hormones, stress and glucocorticoids in autoimmunity as well as analyzed their 
different levels of actions and interrelationships, focusing particular attention on the immuno- 
logically-mediated IDDM of the NOD mouse. 

I N T R O D U C T I O N  

Over the past 15 years, there has been a marked 
increase in the number of studies on the func- 
tion of  the immune system. It has become 
increasingly apparent that the immune system 
interacts with most, if not all of  the body 
systems. The immune system, like the nervous 
and endocrine systems, plays an important role 
in biological adaptation, contributing to the 
maintenance of  homeostasis and to the estab- 
lishment of body integrity. The key to effective 
immunity is the elimination of pathogens with- 
out concomitant host injury. Indeed, finely 
tuned modulation of the immune system is 
crucial to the organism, since excessive acti- 
vation can lead to autoimmune diseases, aller- 
gies, hypersensitivity and anaphylaxis, whereas 
oversuppression may promote infectious dis- 
eases and cancer. 

In order to bring the self-regulated immune 
system into the same conceptual framework as 
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the other body systems, its functioning can be 
considered within the context of an immune 
neuroendocrine network. This scheme is based 
upon the existence of  afferent-efferent pathways 
between immune and neuroendocrine structures 
and has particular implications for certain dis- 
eases [1, 2]. For  example, endocrine disorders 
have consequences for the immune system, such 
as those seen in Cushing's disease and diabetes 
mellitus. Moreover, psychological factors can 
modulate the immune response: stress, distress 
and a variety of  psychiatric illnesses, notably 
affective disorders, are increasingly being re- 
lated to immunosuppression [3-6]. On the other 
hand, autoimmune mechanisms are responsible 
for several endocrine diseases. 

Studies on the roles of hormones in the 
immune response have generally involved the 
parenteral administration of  hormones to exper- 
imental animals or to man, or the ablation or 
blockade of  endocrine glands. Numerous re- 
ports agree that hormone administration can 
lead to depressed or stimulated immune re- 
sponses depending upon the hormones used, the 
dosage and the timing of  administration. Thus, 
such experiments demonstrate that changes in 
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the levels of various hormones can considerably 
influence the immune response. In addition, the 
possibility that the immune response itself can 
bring about changes in hormone and/or neuro- 
transmitter levels is also beginning to emerge [7]. 

Autoimmune diseases arise when the immune 
system fails to discriminate between self and 
nonself antigens. Autoimmune diseases are 
clearly multifactorial in origin, with genetic, 
immune, endocrine and environmental elements 
contributing to their development [8-11]. There 
has been considerable progress made recently in 
characterizing the target autoantigens against 
which autoimmune responses are directed, the 
immunological mechanisms that induce auto- 
immune disease and the immunogenetic back- 
ground of individuals at risk. Important, but 
not yet well-understood, contributors to the 
development of autoimmune diseases may in- 
clude changes in steroid hormones, such as sex 
steroids and glucocorticoids. On the one hand, 
sex steroids are part of the mechanism under- 
lying the well-recognized sexual dimorphism, as 
particularly emphasized in autoimmune dis- 
eases; on the other hand, clinical and exper- 
imental observations link stressful life events 
and the onset of these diseases. In this regard, 
glucocorticoids are part of the endocrine re- 
sponse to stress, with well-known immuno- 
suppressive and anti-inflammatory effects. 

In the present paper we review the role of sex 
steroids, glucocorticoids and stress in some 
autoimmune processes. We provide insight into 
the interrelationship between glucocorticoids 
and sex steroid metabolism, particularly in 
stressful situations, in an attempt to better 
understand the role of endogenous steroids in 
an animal model of immunologically-mediated 
insulin-dependent diabetes mellitus (IDDM), 
the nonobese diabetic (NOD) mouse. 

SEX STEROIDS AND AUTOIMMUNITY 

Sexual dimorphism in the immune response 

Physiological, experimental and clinical data 
substantiate differences between the two sexes, 
in terms of the immune response[12-17]. 
Briefly, the first line of evidence for a role of sex 
steroids in the immune response is the presence 
of a naturally occurring sexual-immunological 
dimorphism between males and females. Indeed, 
females seem to have a more vigorous immune 
response, a more developed thymus, higher im- 
munoglobulin concentrations, stronger primary 

and secondary responses, more resistance to the 
induction of immunological tolerance and a 
greater ability to reject tumors and homografts. 
Castration of young males increases thymic 
weight and leads to a heightened immune re- 
sponse. The second line of evidence is that the 
majority of patients suffering from various types 
of autoimmune diseases is female[13, 15, 17]. 
For example, a higher female/male suscepti- 
bility ratio is seen in the adult form of Hashi- 
moto's thyroiditis (25-50:1), and various other 
thyroid autoimmune diseases. In systemic lupus 
erythematosus (SLE) as well as in SjSgren's 
syndrome, the female/male ratio is 9:1, while it 
is slightly lower in rheumatoid arthritis (RA), 
idiopathic adrenal insufficiency, scleroderma, 
myasthenia gravis (MG) and multiple sclerosis. 
This differential sex susceptibility is also found 
in many animal models of autoimmune diseases: 
not only in the NZB/W mouse, a model of SLE, 
and in the NOD mouse, a model of IDDM, but 
also in chronic autoimmune thyroiditis induced 
in rats by thymectomy and irradiation (Tx-X), 
in experimental MG induced in susceptible 
C57BL/6 mice by acetylcholine receptor adju- 
vant injections, and in the LEW/N rat model of 
RA induced by injection of the cell wall peptido- 
glycan polysaccharide fragments from group A 
streptococcal bacteria. However, the female pre- 
dominance is not seen in all human autoimmune 
diseases, particularly in IDDM, nor in all the 
experimental models. 

Sex steroids in SLE and SLE-like disease of the 
N Z B / W  mouse 

The role of sex steroid hormones has been 
extensively investigated in human SLE as well as 
in the SLE-like syndrome of the NZB/W 
mouse[18, 19]. In NZB/W mice, the disease 
progresses more rapidly in females than in 
age-matched males, leading to earlier death of 
females. While ovariectomy has little influence 
on the evolution of the disease in females, in 
contrast, prepubertal orchidectomy enhances 
the expression of lupus in males, and gives rise 
to a mortality pattern similar to that observed 
in females. Female sex hormone replacement 
therapy (estradiol or progesterone) accelerates, 
whereas androgens (dihydrotestosterone) delay 
the evolution of the disease [20, 21]. Anti-DNA 
and anti-poly (A) autoantibody levels, intensity 
of glomerulonephritis and mortality are de- 
creased by castration or androgenotherapy in 
females, whereas they are increased by cas- 
tration or estrogenotherapy in males. Moreover, 
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delaying the administration of androgens to 
NZB/W mice with active disease is therapeutic 
and prolongs survival[22,23]. Finally, sex 
chromosome-linked effects have not been ob- 
served to influence sex linkage of murine 
SLE[24,25]. This suggests that androgens 
have a protective role in suppressing the disease 
process, whereas estrogens accelerate the 
immunopathogenesis, thereby accelerating mor- 
tality. According to these data, different hor- 
monal treatments have been tested in NZB/W 
mice, using either synthetic androgens with 
weak androgenic properties, such as Danazol, 
or anti-estrogens, such as Nafoxidine [26-29]. 
While Danazol treatment of female NZB/W 
mice, intact or ovariectomized, has no protec- 
tive effect, Nafoxidine is able to delay the 
expression of autoimmune symptoms. 

In human SLE, several arguments also 
suggest a role for sex steroids in the evolution of 
the disease. Clinically, in addition to the import- 
ant female preponderance at fertile age, one can 
note an aggravation of the disease symptoms 
during pregnancy or with administration of oral 
sex steroid-containing contraceptives and the 
association of SLE with Klinefelter's syn- 
drome [13, 15, 17, 30]. Biologically, female SLE 
patients have an abnormal metabolism of an- 
drogens (increased oxidation of testosterone) 
and estrogens (increased 16 0t-hydroxylation of 
estrone), leading to a decreased androgen/ 
estrogen ratio [31-34]. In a more recent investi- 
gation, the major plasma androgens (testoster- 
one, androstenedione, dehydroepiandrosterone 
and dehydroepiandrosterone sulfate) were 
measured in men and women with SLE during 
various stages of clinical activity [35]. Decreased 
levels of all androgens were observed in women 
with SLE. Moreover, the lowest levels of plasma 
androgens were found in female patients, whose 
disease was active as determined by laboratory 
tests and clinical criteria. Sex steroid abnormal- 
ities also exist in male SLE patients with or 
without Klinefelter's syndrome [34, 36]. To the 
best of our knowledge, serum sex steroid levels 
have not been studied in NZB/W mice, but data 
are available on hepatic microsomal estrogen 
metabolism [37]. However, it appears that in 
premorbid female NZB/W mice this metabolism 
was not altered in a manner that would result in 
abnormal retention of hormonally active metab- 
olites. It should be noted, however, that the 
estrogen receptor contents in the livers of NZW 
and NZB/W (F1) mice were found to be twice 
that of NZB mice [38], while no differences 

appeared to exist among receptor concen- 
trations in the uteri, thymuses and spleens of 
NZB, NZW and F1 mice. The observation of an 
abnormal sex steroid metabolism in human SLE 
led, as in NZB/W mice to therapeutic regimens 
attempting to increase the androgen/estrogen 
ratio. This was achieved by using weak andro- 
gens and anti-gonadotropic drugs. Preliminary 
results obtained with Nandrolone (19-nortestos- 
terone) administration did not improve patient's 
clinical conditions, whereas Danazol, in con- 
trast to what has been obtained in mice, led to 
clinical improvement [39, 41]. In another study, 
the clinical efficacy and tolerance of Danazol 
and cyproterone acetate were tested in 11 female 
patients, who suffered from mildly active 
SLE [42, 43]. Because of its side effects, Danazol 
had to be withdrawn early in 2 patients, whereas 
cyproterone acetate appeared to be well- 
tolerated in all of them. On the whole, 16 clinical 
exacerbations of SLE were observed during a 
12-month pretreatment period, vs 9 exacer- 
bations during a 12-month treatment period. 
Accordingly, the average dose of prednisone 
could be reduced from 9.6 to 3.5 mg/day in these 
patients. Increased plasma testosterone levels 
without any change in estradiol levels were 
observed in patients treated with Danazol. Con- 
versely, plasma estradiol decreased without any 
change in testosterone levels in women treated 
with cyproterone acetate. Both drugs reduced 
the concentration of plasma sex steroid binding 
protein. Thus, these results suggest that Dana- 
zol and cyproterone acetate may reduce SLE 
disease activity in parallel with a hormonal 
environment modification toward an increased 
androgen/estrogen ratio. A therapeutic effect of 
testosterone undecanoate has also been de- 
scribed in patients with Klinefelter's syndrome 
associated with SLE or Sj6gren's syndrome [44]. 
Among various biological parameters, serum 
testosterone and luteinizing hormone (LH) 
levels, anti-nuclear antibodies, rheumatoid fac- 
tor and peripheral T cell phenotypes (CD3, CD4 
and CD8) were measured before treatment and 
after 60 days of oral testosterone undecanoate 
treatment. Before treatment and after placebo, 
compared with normal men, patients had lower 
serum testosterone and higher LH levels, lower 
percentages and absolute values of CD3 (total T 
lymphocytes) and CD8 (suppressor/cytotoxic 
T lymphocytes) and, consequently, increased 
CD4/CD8 ratios. All had high titers of anti- 
nuclear antibodies and rheumatoid factor. After 
testosterone undecanoate therapy, serum testos- 
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terone levels increased and LH levels decreased, 
CD3 and CD8 cell numbers and the CD4/CD8 
ratio became normal and antinuclear antibodies 
and rheumatoid factor titers decreased. 

Sex steroids and other autoimmune diseases 

Abnormalities of sex steroid levels, particu- 
larly of androgens, have been reported in other 
autoimmune diseases, mainly RA, but also 
IDDM and MG [45-51]. A decreased concen- 
tration of androgens either basal or stimulated, 
was usually observed in male patients with RA, 
whereas conflicting data were obtained in 
women, with, nevertheless, a tendency toward 
normal values [45-49]. 

Dissociation between female preponderance in 
autoimmunity and sex steroid effects 

It should be emphasized that, since the dis- 
ease is preponderant in the females, the effects 
of physiological variations in sex hormone levels 
or of castration and sex steroid hormone treat- 
ment are extremely logical in SLE and its 
murine model, the NZB/W mouse; this is not 
always the case, when considering other auto- 
immune diseases. RA is also more common in 
women, with a sex ratio (3 : 1) that is not as high 
as that for lupus (9:1)[13,17]. However, in 
contrast to SLE, estrogens seem to ameliorate 
clinical status rather than aggravate it [17, 24]. 
Indeed, rheumatoid disease symptoms decrease 
during pregnancy and during the postovulatory 
phase of the menstrual cycle. Moreover, oral 
contraceptives or substitutive estrogen therapy 
may reduce the incidence of RA [52]. Thus, 
estrogens, despite the increased female suscepti- 
bility, may protect humans from rheumatoid 
disease. This is also observed in animal models 
of RA, for example, in type II collagen-induced 
arthritis (CIA): in the mouse, males are more 
susceptible than females, whereas in the rat, 
females are more susceptible than their male 
counterparts [24]. However, it is clear that estro- 
gens suppress both the incidence and the sever- 
ity of CIA in mice and rats [24, 53-57]. Female 
mice are to a large degree protected from CIA 
during pregnancy. Treatment of castrated 
DBA/1 mice with physiological doses of 17 fl- 
estradiol suppresses both the incidence and the 
severity of the disease [56,57]. Progesterone has 
no effect by itself, but enhances the effect of 
estradiol. Moreover, mouse T cell proliferative 
responses and delayed-type hypersensitivity re- 
actions are suppressed by estradiol, as is the 
T-dependent IgG response to type II collagen, 

whereas the IgM response (T cell-independent) 
is enhanced. Adjuvant arthritis (AA) represents 
another model of polyarthritis. It is induced by 
injection of complete Freund's adjuvant into 
susceptible rat strains. There is little difference 
between the sexes, but pharmacological doses of 
estrogens diminish the severity of symp- 
toms [24]. Male rats with AA have reduced 
testosterone levels, while LH levels are increased 
[58]. With regard to other autoimmune diseases 
in humans, it should be noted that pregnancy 
reduces the clinical and biological activity of 
Graves' and Hashimoto's diseases [24, 59]. In 
MG, crises are also noted less frequently during 
pregnancy. In experimental autoimmune thy- 
roiditis induced in Tx-X rats, females are more 
susceptible than males and prepubertal ovari- 
ectomy increases this susceptibility. Estrogen 
treatment induces a partial suppression of thy- 
roiditis with a concomitant reduction in auto- 
antibodies to thyroglobulin [60]. Estrogens also 
reduce the incidences of both thyroiditis and 
autoantibody production in orchidectomized 
Tx-X rats. However, androgens also have 
beneficial effects in this model: they induce 
significant regression of established thyroiditis 
without affecting serum levels of autoantibody 
to thyroglobulin [61]. The differential effect of 
estrogens on the evolution of different types of 
autoimmune diseases may be linked to their 
different immunopathophysiological mechan- 
isms, as discussed below. 

STRESS AND AUTOIMMUNITY 

The historical basis for studying the influence 
of stress on the immune response comes from a 
legacy of centuries of clinical observations of 
individuals who became sick following stressful 
situations. Indeed, stress, distress and a variety 
of psychiatric illnesses, notably affective 
disorders, such as depression, have been 
increasingly reported in the last two decades to 
be associated with immunosuppression[3-6]. 
Thus, part of the concept of interactions be- 
tween the central nervous system (CNS) and 
the immune system arose from clinical obser- 
vations indicating that mood states may affect 
susceptibility to physical illness. On the con- 
trary, the feedback loop from the immune sys- 
tem to the CNS, as already mentioned, is now 
demonstrated by the fact that soluble immune 
mediators may affect CNS functions and poss- 
ibly adaptative behavior during the course of 
illness. 
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With regard to autoimmune diseases, numer- 
ous clinical observations have noted stressful 
life events before the onset of the disease, but 
most of them are subjective and there are only 
a few well-controlled studies in the litera- 
ture [62]. Indeed, the evaluation of stress may be 
easy in some circumstances, such as physical 
exercise, surgery, hypoglycemia, but more 
difficult in the case of psychological stress. In 
humans, assessment of stress is qualitative (i.e. 
Andrew's questionnaire) or quantitative (i.e. the 
Holmes-Harris questionnaire). As recently em- 
phasized questionnaires have to be adapted to 
each country in view of social and cultural 
particularities [62]. Moreover, stress can vary in 
duration, frequency, content as well as intensity 
and the delay between life events and the onset 
of autoimmune diseases is of critical import- 
ance. Despite methodological difficulties associ- 
ated with the assessment of stress and, hence, 
the association of stress with the onset of 
diseases, the concept of stress facilitating the 
emergence of autoimmune diseases is tempting 
in the context of the new field of psychoneuro- 
immunoendocrinology. 

Autoimmune thyroid diseases 

Although a survey of the literature since 1825 
shows a reciprocal relationship between 
emotions and the onset of thyroid diseases, 
objective evidence has been more difficult to 
obtain [624i4]. Both physical stress, such as 
trauma or major illness, and psychological 
stress, such as bereavement have been impli- 
cated. More recently, Forteza found that most 
of his 116 patients experienced stressful events 
just before the first signs of Graves' disease [65]. 
Moreover, an epidemiological study was able 
to prove a higher incidence of hyperthyroidism 
in the Danish population during the 1941-1945 
German occupation, compared to the 1845- 
1948 period, i.e. during a period of difficult life 
conditions [62]. Lastly, in a prospective study, 
an increased uptake of 131I during periods of 
stress coincided with the development of thyroid 
hyperfunctioning nodules [66]. 

Rheumatoid arthritis (RA ) 

The literature concerning RA has been re- 
viewed with regard to the empirical evidence for 
the widely held view that the onset and course 
of disease are influenced by stress variables [67]. 
Different studies indicate that personality fac- 
tors seem to predispose the individual to the 
development of RA and suggest that stress 

and/or the failure of physiological defenses and 
adaptations to compensate for it are related to 
the onset of disease [68]. A number of investi- 
gations in humans have been conducted to 
determine whether a relationship exists between 
the onset or aggravation of rheumatoid symp- 
toms and psychological disturbances. They have 
led to contradictory results. While the earlier 
investigations were based upon unsystematic 
clinical observations, the later ones used control 
groups and objective methods to assess stressful 
events [67]. Two well-controlled studies did not 
find an association, whereas a third one showed 
a preponderance of stressful life events in only 
one subgroup of RA patients [69-71]. A study 
using pairs of female monozygotic twins discor- 
dant for RA showed that, in the adult twin 
pairs, the affected sibling had experienced con- 
siderably more stressful life events before the 
onset of the disease than the healthy one during 
the corresponding period[72]. Some studies 
on juvenile RA tend to show a preponderance 
of stressful events before the onset of the 
disease [73-75]. Studies on animal models of 
RA (CA or AA) are scarce and contradic- 
tory [67]. Few data are available in SLE, but 
they mention psychosocial and emotional dis- 
turbances [76, 77]. 

Diabetes 

Finally, in human IDDM, many studies have 
suggested a possible role for traumatic or stress- 
ful events in precipitating the disease. First, 
diabetic patients who have undergone surgery, 
exhibit dramatic deterioration [78]. In this case, 
the stimulation of the hypothalamo-pituitary- 
adrenal (HPA) axis induced by surgery mo- 
bilizes energy substrates that the insufficient 
amount of available insulin is not able to bal- 
ance. Second, psychological stress has also been 
associated with diabetes in humans[62, 79]. 
Third, abnormally high frequencies of depress- 
ive behavior were reported in children recently 
diagnosed as having IDDM [80]. Nevertheless, 
the role of psychogenic factors was questioned 
in a critical review of these earlier studies [79]. 
In another study, 25 new diabetic adults 
were psychiatrically evaluated using a standard 
personality profile (MMPI); abnormal scores 
were obtained in 14/25 diabetics, but IDDM 
and noninsulin-dependent diabetes mellitus 
(NIDDM) were not separated [81]. A triggering 
effect of emotional stress was pointed out by 
Stein and Charles's series, where the delay be- 
tween the stressful events and overt disease was 
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very long, but the series lacks a control 
group[82]. More recent and well-controlled 
studies underline the role of stress in precipitat- 
ing IDDM. Kisch found that life events, such as 
febrile disease, accident, pregnancy, problems at 
home or at work and others, were mentioned by 
74% of the patients of his series in the last year 
preceding the onset of diabetes [83]. Robinson 
and Fuller compared ratings of life events oc- 
curring during the 3 years prior to diagnosis of 
diabetes between diabetic and nondiabetic sib- 
lings [84]. They found that during the 6 months 
prior to diagnosis, 46% of the diabetics had 
experienced at least one severely disturbing life 
event compared with 18% of the siblings. 
During the 2.5-year period prior to diagnosis, 
73% of the diabetics had one or more dramatic 
life events compared with 36% of the siblings. 
In a prospective longitudinal study, Linn et 
al. [85] compared stressful life events in IDDM 
and NIDDM. They found that IDDM patients 
reported more stressful events and more per- 
ceived stress, anticipation of stress and responsi- 
bility for events. Lastly, Vialettes et al. [86] 
showed that recently diagnosed IDDM patients 
had a significantly higher frequency of stress 
during the 12-month period preceding the onset 
of diabetes as compared to age-matched con- 
trois. Psychological analysis defined this stress 
as unpredictable and short, leaving the patient 
without resources. Finally, two recent studies 
have shown that stress is able to accelerate the 
onset of the disease in two animal models of 
IDDM, the BB rat and the NOD mouse [87, 88]. 

STEROIDS AND DIABETES 

Steroid hormone metabolism in diabetes 

The importance of steroid metabolism in 
diabetes has been recently emphasized in genetic 
models of IDDM and NIDDM [89]. In some of 
these models, the relation between genetic mu- 
tations and enzymes of the sulfurylation/ 
desulfurylation cycle in determining the severity 
of diabetes by controlling intrahepatic balance 
of free androgens and estrogens has been em- 
phasized. It has also been shown in rodents that 
insulin helps to maintain sex differences in hep- 
atic sterol metabolism so that insulin deficiency 
(such as seen in streptozotocin-induced dia- 
betes) leads to altered regulation of hepatic 
steroid metabolizing enzymes, changes that 
include increased tissue metabolism of 
estrogens and increased plasma levels of testos- 

terone [90-92]. With regard to glucocorticoids, 
administration of diabetogenic doses of strepto- 
zotocin is able to increase glucocorticoid sulfo- 
transferase activity in the livers of male rats in 
a fashion that can be prevented or reversed by 
insulin [93]. A time course study suggested that 
the process appears to be a consequence of the 
disease rather than a diabetes-initiating factor. 
Moreover, diurnal rhythms of corticosterone 
have been studied in genetic and chemical dia- 
betes [94]. In genetic models of NIDDM, the 
normal diurnal pattern of corticosterone se- 
cretion is preserved, but, diabetic animals have 
higher levels of corticosterone throughout the 
night-day cycle [95, 96]. In streptozotocin- 
induced diabetes in the rat, a model of IDDM, 
corticosterone levels are significantly higher 
during the light cycle [97]. Abnormal diurnal 
rhythms of cortisol have also been observed 
in human IDDM, in both children and 
adults [98-101]. The elevation of circulating glu- 
cocorticoids in diabetes is an apparent paradox. 
Corticosteroids cause insulin resistance and am- 
plify the physiological hyperglycemic effects of 
catecholamines [102]. Glucocorticoid inhibition 
by dexamethasone is decreased or absent in 
both animal and human diabetes [94, 103, 104]. 
This suggests a decreased sensitivity of the 
hypothalamo-pituitary axis to the negative 
feedback effect of glucocorticoids. The mechan- 
ism of this hypercorticism remains to be investi- 
gated in more detail, but it appears to be a 
specific response to altered energy regulation 
and is mediated by the brain. Moreover, 
these alterations in the HPA axis of diabetic 
rodents may be responsible for behavioral 
changes [105, 106]. These data led to a study on 
the effect of adrenalectomy in streptozotocin- 
treated rats[107]. When compared to intact 
diabetic rats, adrenalectomized diabetic rats had 
less pronounced elevations of plasma glucose 
and higher insulin levels. To date, the latter have 
not been clearly explained. To the best of our 
knowledge, no data are available on glucocorti- 
coid secretion in animal models of genetic, 
immunologically-mediated IDDM, such as the 
BB rat or the NOD mouse, in particular before 
the emergence of the disease symptoms, but, as 
already mentioned, stress has been shown to 
accelerate the onset of the disease in both 
models. 

Steroids and the NOD mouse 

Between the 12th and 30th weeks of age, 
the inbred NOD mouse, first described in 
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Japan, spontaneously develops an auto- 
immune-induced diabetes which is now recog- 
nized as a model of immunologically-mediated 
IDDM [108-111]. The involvement of the 
immune system is implicated in this disease in 
the following ways: (1) mononuclear cell 
infiltration of the islets of Langerhans, preced- 
ing the onset of diabetes, consisting primarily 
of T cells [112]; (2) experimental transfer of the 
disease into newborn healthy mice or irradiated 
adult male NOD recipients by injection of 
CD4 + and CD8 + T cells from diabetic 
mice[113, 114]; (3) prevention of diabetes by 
neonatal thymectomy, introduction of the 
nu gene, treatment of female NOD mice with 
anti-CD4 or anti-Ia monoclonal antibodies 
or cyclosporin A [111, 115, 116]; and (4) acceler- 
ation of the disease by altering T cell regu- 
lation (thymectomy at weaning, cyclophos- 
phamide) [117, 118]. 

Onset of the disease is characterized by poly- 
dipsia, polyuria, glycosuria, rapid weight loss, 
hyperglycemia and ketoacidosis. Insulitis is 
characterized by invasion of islets of Langher- 
ans, not only by T cells but also by macro- 
phages, and leads to progressive fl-cells 
destruction and decreased insulin levels, preced- 
ing the onset of hyperglycemia. Insulitis begins 
at 4-5 weeks of age and is present in 100% of 
females and more than 90% of males at 30 
weeks of age [119]. However, there is a sexual 
dimorphism in the incidence of diabetes: the 
expression of autoimmune symptoms occurs 
earlier and is more frequently observed in fe- 
males, with an incidence reaching 30-70% de- 
pending upon the breeding colony, compared to 
males, in whom the incidence stays below 
20% [111]. The characteristics of insulitis also 
differ between the two sexes, females exhibiting 
a higher percentage of islets of Langerhans with 
destructive lesions. However, in contrast to the 
clear-cut effects of castration and hormone re- 
placement observed in the NZB/W mice, the 
exact role of sex steroids in the incidence of 
diabetes remains confused, due to conflicting 
data[120, 121]. It is well-recognized that the 
incidence of diabetes may vary from colony to 
colony depending upon environmental factors, 
such as diet or stress [11 l, 122]. The metabolic 
consequences of stress hormones, catechol- 
amines and glucocorticoids, are well-known: 
catecholamines simultaneously exert a negative 
action on insulin production and a positive one 
on glucagon secretion, thereby increasing circu- 
lating glucose and lipolysis. These effects are 

further amplified by glucocorticoids[123]. As 
mentioned above, stress accelerates the onset of 
diabetes in animal models of IDDM [87, 88]. 
Moreover, adrenalectomy has been shown to 
counteract the diabetogenic effect of streptozo- 
tocin in the rat [107]. These data led us to 
investigate: (1) the effect of castration at 
weaning on the incidence of the disease and on 
the degree of insulitis, at 12 weeks of age, in 
female and male NOD mice from our own 
colony; (2) any sex differences in various im- 
mune parameters and any modulation of 
these parameters induced by changes in the sex 
hormone environment; and (3) serum glucocor- 
ticoid and sex steroid concentrations in both 
sexes of NOD mice under basal and stress 
conditions, since stress and glucocorticoids 
are also known to interfere with sex steroid 
metabolism. 

The major conclusions which could be drawn 
from this work are the following: 

1. The sexual dimorphism takes place at the 
level of the expression of the autoimmune 
process (incidence, insulitis), with regard to 
the spontaneous evolution of the disease and 
the effect of castration (Fig. 1). In agreement 
with the results of Makino et al. [120] ovari- 
ectomy tends to exert a protective effect, 
while orchidectomy has a strong deleterious 
effect on the incidence of diabetes. The 
effect of surgery was also studied in situ 

on insulitis. While ovariectomy induced 
an 11% reduction in the percentage of dam- 
aged islets, orchidectomy increased it by 
17% [124]. 

2. In contrast to the clear-cut and opposite 
effect of castration on the autoimmune pro- 
cess evolving in female and male NOD mice, 
its effect on the various nonspecific immuno- 
logical parameters tested (Table l) gives 
little information. Data concerning spleen T 
cell proliferation and IL-2 production as 
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Fig. l. Incidence of diabetes after castration at weaning in 
female and male NOD mice. 
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Table 1. Studies of various immunological par- 
ameters in female and male NOD mice and effects of 

castration on these parameters 

Thymus 
Weight, cellularity 
Cell phenotypes 

Spleen 
Weight, cellularity 
Cell phenotypes 
Mitogen-induced cell proliferation 

(Con A, PHA) 
1L-2 production 
Plaque forming cell (PFC) production 

well as antibody production to sheep red 
blood cells do not reveal in NOD mice any 
spontaneous sex difference or any effect of 
castration while phenotype analysis gives 
only minor information [124]. These nega- 
tive results of the effect of sex hormone 
deprivation on some classical immune par- 
ameters give rise to an interesting paradox: 
the autoimmune process is clearly modu- 
lated by sex hormones, partly acting via the 
thymus (thymectomy at weaning strongly 
modifies the effect of castration in both sexes 
(data not shown)); however, the impact of 
sex steroids, via the immune system, on the 
pancreas, could not be detected either phe- 
notypically or functionally within the limits 
of the immune parameters measured. This 
suggests that a numerically minor immune 
cell subpopulation is involved, which was 
not detected by the methods used. 

3. When measuring serum glucocorticoid levels 
under basal conditions, a sex difference was 
noted in NOD mice, as in other rodents, 
with the females having higher values than 
the males. In immobilization stress con- 
ditions, female nondiabetic NOD mice failed 
to adapt, whereas males did (data not 
shown). 

4. With regard to sex steroids, male NOD 
mice exhibited very high testosterone levels 
when compared to other strains of mice, 
taken as controls. Estrone and estradiol 
levels did not differ. Finally, acute or re- 
peated stress significantly reduced serum tes- 
tosterone levels in male NOD mice (data not 
shown). 

DIFFERENT LEVELS OF ACTION OF STEROID 
H O R M O N E S  IN A U T O I M M U N I T Y  

With the increasing knowledge of the 
immunological mechanism underlying the vari- 
ous autoimmune processes, in the biological 
reactions induced by stress (and especially by 

different types of stress) and in the interrelation- 
ship between stress, glucocorticoids and sex 
steroids, some thoughts may arise concerning 
the complexity of the interactions between these 
different elements. It is obvious that several 
structures are concerned: the nervous system, 
responsible for the reactions to stress; the im- 
mune system, effector of the aggressivity against 
self antigens; the endocrine target organ or cells, 
where the autoimmune process takes place; and, 
finally, the different organs involved in the 
production or metabolism of steroid hormones. 
All these structures are potential targets for 
different hormones, including steroids, neuro- 
mediators and cytokines, which may play a role 
in autoimmune processes. 

Sexual dimorphism, stress hormones, neurotrans- 
mitters and the nervous system 

Stress represents the reaction of the body to 
stimuli that disturb its normal physiological 
equilibrium or homeostasis, often with detri- 
mental effects [2, 6, 18]. There is a common bio- 
logical response to stress, regardless of its 
nature. Briefly, different areas of the CNS are 
involved, which successively release noradrena- 
line (NA) and acetylcholine (AC) from the 
vegetative nerve terminals, then adrenaline (A) 
from the adrenal medulla and later activate the 
HPA [including corticotrophin releasing factor 
(CRF), ACTH, /~-endorphin and glucocorti- 
coids] [123,125]. Other hormones may also be 
implicated in more specific responses to stress, 
such as growth hormone (GH), prolactin, 
glucagon... [126]. On the one hand, it is inter- 
esting to note that, in animals, the biological 
reactions to stress may vary in intensity accord- 
ing to individual factors, such as genetic com- 
ponents [127]. On the other hand, it has become 
obvious that sex differences exist in the brain, 
which contribute to sex differences in physi- 
ology and behavior [128]. Neurochemical stud- 
ies have revealed that in certain areas, 
neurotransmitter content and metabolism are 
sexually differentiated and under the influence 
of sex steroids in adulthood. In the context of 
stress, it is interesting to note that women have 
a higher risk of depression, that sex differences 
in 5-hydroxytryptamine (5-HT or serotonin) in 
rat brain content have been reported, as well as 
sex differences in the central serotonergic regu- 
lation of cortisol, ACTH and prolactin in hu- 
mans [129, 130]. In contrast, there is increasing 
evidence that the nervous system is a target for 
cytokines, produced by the immune system. 
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Cytokines, such as IL-1, not only affect behav- 
ior, but are also able to stimulate the HPA 
or gonadal axis [2, 5, 131]. This had led to the 
concept that the immunological challenge itself 
is able, via the production of cytokines, to 
generate glucocorticoids, which in turn regulate 
the immune response [2, 132]. This phenomenon 
may have implications in some autoimmune 
processes. First, in highly active forms of RA, 
the circadian pattern of cortisol secretion is 
altered [133]. Moreover, a significant correlation 
between cortisol levels and the inflammatory 
activity of the disease has been found. In RA, 
numerous inflammatory mediators are pro- 
duced, in particular cytokines, which in turn, 
are able to stimulate the HPA. Second, Lewis 
rats with experimental allergic encephalomyeli- 
tis (EAE), induced either by the s.c. injection of 
guinea pig myelin basic protein (MBP) or by the 
adoptive transfer of MBP-primed spleen cells, 
experienced a single episode of paralysis from 
which they recovered spontaneously [134]. Ani- 
mals developing EAE were found to have 
greatly elevated levels of circulating cortico- 
sterone. Adrenalectomized rats given s.c. im- 
plants of corticosterone to maintain basal 
steroid levels invariably died when EAE was 
induced. However, if the steroid replacement 
therapy was adjusted to mimic the high hor- 
mone levels observed in intact rats developing 
EAE, then the disease followed a nonfatal 
course, closely resembling that seen in the non- 
adrenalectomized controls. It was concluded 
that endogenous corticosterone release in rats 
with EAE plays an essential role in the spon- 
taneous recovery observed. 

This work on EAE points out the immuno- 
suppressive role of glucocorticoids, which, to- 
gether with their anti-inflammatory effects, had 
led to their use as therapeutic agents. However, 
with regard to stress, glucocorticoids are not the 
only hormones that may affect lymphoid cells. 
Many other hormones and neuromediators are 
altered during stress and there is a growing body 
of evidence supporting that they have immuno- 
modulatory properties [3, 5, 6]. Moreover, it 
should be underlined that the immune system is 
closely related to the nervous system, as demon- 
strated by the innervation of the lymphoid 
organs and the demonstration of specific recep- 
tors for several neurotransmitters on the 
lymphoid cells. Noradrenergic, acetylcholiner- 
gic fibers have been described as well as fibers 
immunoreactive for enkephalins, vasoactive 
intestinal peptide (VIP), neuropeptide Y, chole- 

cystokinin (CCK) and neurotensin [135]. Most, 
if not all of these neurotransmitters have 
immunomodulatory properties[136]. Another 
degree of complexity is represented by the fact 
that cells of the immune system are able to 
produce, under some conditions a wide variety 
of neuropeptides and neuroendocrine hor- 
mones, including proopiomelanocortin, pre- 
proenkephalin, ACTH endorphins, VIP, 
somatostatin, thyroid stimulating hormone 
(TSH), HCG, GH, FSH, LH, oxytocin and 
neurophysin [137]. The meaning of these endo- 
crine activities remains to be established, but a 
local action on a neuroendocrine organ or func- 
tion cannot be excluded. 

Glucocorticoid action on the immune system 

With regard to autoimmunity, the role of 
glucocorticoids appears to be important, even if 
sometimes ambiguous. This is clearly indicated 
not only by the work on EAE [134], but also by 
a recent report on women with Cushing's syn- 
drome due to an adrenal adenoma, in whom 
symptomatic autoimmune thyroid disease de- 
veloped after unilateral adrenalectomy [138]. All 
the patients, who had detectable but low levels 
of anti-thyroid microsomal antibody activity 
before surgery, exhibited increases in anti- 
thyroid microsomal-antibody titers and changes 
in thyroid function after surgery. It was con- 
cluded that reductions in supranormal glucocor- 
ticoid secretion may exacerbate subclinical 
autoimmune thyroid disease. The immunosup- 
pressive effects of adrenal steroids are, indeed, 
well-known, although small amounts of gluco- 
corticoids are necessary for in vitro immune 
reactions [2, 11,132, 139, 140]. Corticosteroids 
are cytolytic to T cells and thymocytes both in 
vivo and in vitro. In addition, inhibitory effects 
of adrenocorticoids on virtually every aspect of 
the immunological response have been de- 
scribed. In terms of glucocorticoids, the human 
system differs from those of the animal models 
(particularly rodents, which are extremely corti- 
cosensitive) only in the degree of responsiveness. 
Most of the effects of glucocorticoids which 
have been studied in lymphoid tissue are 
thought to be mediated by an initial step of 
hormone interaction with specific receptors. In 
fact, glucocorticoid addition is followed by sev- 
eral events, including inhibition of transport 
(glucose, amino acids), decrease in cell ATP 
content, modulation of macromolecule syn- 
thesis (proteins, nucleic acids), modifications at 
the membrane level; these may be followed by 
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cell lysis or cell selection [132, 140, 141]. How- 
ever, the final effector role of glucocorticoids 
should be considered as the result of complex 
cellular and/or hormonal interactions, involving 
various cytokines and other factors, whose pro- 
duction and/or secretion can be regulated by 
glucocorticoids [132, 140]. 

It is nearly impossible to determine a primary 
target for the immunosuppressive effects of glu- 
cocorticoids. They are able to inhibit the acti- 
vation, the proliferation, the differentiation and 
the functions of virtually all cells involved in the 
immune response [2, 11,139, 140]. Moreover, 
inasmuch as they have differential effects on 
regulatory T cells according to dose, glucocorti- 
coids may favor either T suppressor or T helper 
cell function. It has been demonstrated that 
glucocorticoids act by inhibiting the production 
of cytokines, such as IL-1 and IL-2, which 
are involved in lymphocyte proliferation [132]. 
They also inhibit the production of colony- 
stimulating factors (CSFs), and that of ~,- 
interferon; this latter factor is thought to be 
involved in the regulation of the macrophage Fc 
receptor, and Ia antigen expression. The differ- 
ent cytokines affected by glucocorticoids as well 
as how they affect their production is shown in 
Table 2 [142-149]. The predominant effect of 
glucocorticoids is the inhibition of T cell pro- 
liferation. In contrast, a precise definition of 
the glucocorticoid effect on B cells remains 
elusive, due to the extremely complex nature of 
the immune regulation of B cell responses. 
Immunoglobulin production is generally 
suppressed by pharmacological doses of 
glucocorticoids administered in vivo, whereas 
in vitro immunoglobulin production is either 
unaffected or augmented by physiological 
doses[139, 140, 150]. In vitro, glucocorticoids 
may inhibit T cell suppressive activity or act 
directly on B cells. An interesting theory con- 
cerning the mechanism of action of glucocorti- 
coids consists of the observation that they may 
allow the selection of immune cells [141]. 

Sex steroid action on the immune system 

In addition to the sexual dimorphism ob- 
served in the immune response, clinical obser- 
vations have now clearly established that while 
some autoimmune diseases, such as SLE, are 
aggravated during pregnancy, others, such as 
RA, may be reduced [15, 24]. Moreover, transi- 
ent changes of thyroid dysfunction and their 
immunological basis have been extensively stud- 
ied during the postpartum period [11]. This 
emphasizes that sex steroid hormones, in par- 
ticular, not only influence the immune system, 
but also directly affect the natural history of 
autoimmune diseases. It appears that it is the 
androgen deficiency rather than the presence of 
physiological estrogens that is more critical to 
suppression of antibody responses, which are 
under thymic control [14]. 

Androgens, by stimulating hematopoiesis and 
the generation of an appropriate precursor cell, 
may activate thymus-derived suppressor T cells, 
leading to decreased antibody production. In 
birds, androgens directly inhibit the develop- 
ment of the bursa of Fabrieius, and thus B cell 
differentiation and antibody production [14]. In 
vitro, androgens are able to inhibit in a dose- 
dependent manner, the proliferation of normal 
human lymphocytes, induced by T and B cell 
mitogens, but some individuals are completely 
insensitive [151]. In vivo, androgens have been 
shown to increase mouse spleen and lymph nod 
CD8 ÷ cells (suppressor/cytotoxic), whereas in 
humans they increase this population only 
during the prepubertal period[152, 153]. As 
already mentioned, the beneficial effect of an- 
drogens has been well-documented in vivo, in 
NZB/W mice, a murine model of SLE. In the 
Tx-X rat model of autoimmune thyroiditis, 
testosterone administration frequently pro- 
duced complete resolution of chronic lesions 
involving the entire gland: normal thyroid archi- 
tecture reappeared and the mononuclear 
cellular infiltrate disappeared completely[61]. 

Table 2. Corticosteroid effects on cytokines 

Inhibition Induction 

Protein Receptor 
Transcription synthesis number Inhibitory 
(mRNA) and/or secretion and/or affinity protein Receptors 

IL-1 1L-I IL-I (/ 'nb) 
IL-6 IL-6 
TNF TNF TNF (X,~aff.) 
IL-2 IL-2 IL-2 
IFNfl,~/ 1FNfl 
IL-3 
GM-CSF 
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However, no inhibitory effect on circulating 
concentration of antibodies to thyroglobulin 
was noted. Additional evidence of the beneficial 
effect of androgens comes from an animal 
model of Sj6gren's syndrome (the MRL/Mp-  
lpr/lpr mouse), where androgen implantation 
was able to reduce lymphocytic infiltration in 
lacrimal and submandibular glands [154]. This 
could be compared with the finding that the 
percentages of infiltrated islets and islets with 
destructive lesions in NOD mice at 12 weeks are 
lower in males than in females and that cas- 
tration of males increases these percentages to 
values comparable to those found in females. At 
this point, it should be stressed that, compared 
to other strains male NOD mice have very high 
serum testosterone levels. On the contrary, the 
low concentrations of androgens in SLE as well 
as in men over 60 years with RA may be part 
of the pathophysiological process favoring the 
evolution of the autoimmune process [47--49]. 
Moreover, we will see below that stress is able 
to decrease androgen production. 

Estrogens have also been shown to modify 
various immune parameters in animals and 
humans, but their effects vary according to 
the dose given[12-14]. Physiologically, they 
modulate lymphocyte and monocyte num- 
bers, increase B cell differentiation, decrease 
CD8 + cells (suppressor/cytotoxic) in thymus, 
spleen and lymph nodes, decrease T cell sup- 
pressor activity and increase antibody pro- 
duction [14, 155-157]. Recently, estrogens have 
been shown to induce normal murine CD5 + B 
cells to synthesize natural autoantibodies [158]. 
They also stimulate the reticuloepithelial sys- 
tem, increase phagocytic activity and modulate 

IL-1 production [14, 159, 160]. When consider- 
ing the opposing effects of estrogens in autoim- 
munity, it has been suggested that autoimmune 
diseases could be divided into two categories on 
the basis of the effects of these hormones [24]: 
(1) a first group, in which autoimmunity in- 
volves polyclonal B cell activation and/or circu- 
lating immune complexes, as in SLE and in 
NZB/W mice, and on which estrogens have 
deleterious effects; and (2) a second group, in 
which T cell mechanisms prime in autoimmune 
process and for which estrogen therapy may be 
beneficial. Certain experimental animal models 
such as CIA, AA, Tx-X induced autoimmune 
thyroiditis may belong to this group as well as 
RA, Hashimoto's thyroiditis and multiple scler- 
osis [24]. As already mentioned, both types of 
sex steroids have beneficial effect in Tx-X auto- 
immune thyroiditis [60, 61]. The reasons for 
these parallel effects of estrogens and androgens 
remain to be elucidated. Finally, if most of the 
effects of sex steroids are receptor-mediated, it 
should be underlined that sex steroid receptors 
are not generally found in lymphocytes (except 
in some subpopulations), but merely in other 
cells that are able to indirectly modulate lym- 
phocytes, such as reticuloepithelial cells of the 
thymus or macrophages (Table 3) [12, 161-173]. 
Some of the sex steroid effects, particularly at 
pharmacological doses, may be nonreceptor- 
mediated acting directly at the cell membrane 
level [14]. 

Neuromediator and steroid hormone interaction 
in endocrine target organs 

The effects of steroid hormones and neuro- 
mediators must also be considered at the level of 

Table 3. Sex steroid receptors and the immune system 

Cytosol assay Cytosol/autoradiography 

Whole organ Lymphocytes Reticuloepithelial cells Whole cell assay 

Thymus 
Estradiol 
Testosterone 
Progesterone 

Bursa of  Fabricius 
Estradiol 
Testosterone 
Progesterone 

Peripheral lymphocytes 
Estradiol 
Testosterone 
Progesterone 

Macrophages 
Estradiol 
Testosterone 
Progesterone 

+ +_ + 
+ + + 
+ 9. + 

_+ (CD8) 

+ 
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the endocrine target organ or cells, in which the 
autoimmune process takes place. Here, we will 
focus our attention only on the islets of Langer- 
hans and the puzzling interactions between their 
hormonal and neurohormonal environments as 
well as their possible relevance to diabetes. 

The innervation of islets of Langerhans by 
sympathetic network, parasympathetic nerves 
and peptidergic structures, including VIP, sub- 
stance P, neurotensin and CCK is now well- 
documented [174]. In the context of stress, these 
neurotransmitters may affect/insulin secretion 
and glucose metabolism. With regard to adren- 
ergic substances (A and NA), it has been shown 
that stimulation of the splanchnic nerves in 
different species inhibits insulin secretion, while 
reflex stimulation of the sympathetic system by 
exercise in man or stress in rats depresses the 
release of insulin [175, 176]. Moreover, surgical 
splanchnic denervation and chemical sympath- 
ectomy in the rat elevate basal insulin levels. In 
addition, a dual effect of catecholamines on the 
insulin-secreting mechanisms exists: at physio- 
logically high concentrations of A and NA, such 
as those seen in stress, the predominant effect 
observed is the inhibition of insulin secretion 
via the activation of ot2-receptors; in contrast, at 
low concentrations (10-9M or higher), when 
~2-inhibitory receptors are blocked, catechol- 
amines stimulate insulin secretion, via 82- 
adrenoreceptor stimulation [174, 175]. Thus, the 
involvement of the sympathoadrenal system is 
important in insulin secretion, both in basal and 
stimulated conditions, and may be dependent 
upon the nature of the secretagogue [175]. It has 
also been reported that catecholamines stimu- 
late glucagon secretion [174]. In the context of 
IDDM of the NOD mouse, it is interesting to 
note that increased glucagon levels have been 
noted before the onset of overt diabetes, i.e. 
when no hyperglycemia or decreased in plasma 
insulin is observed [177]. Parasympathetic 
influence on the islets of Langerhans results 
in an increased production of insulin and 
glucagon[174]. While the role of pancreatic 
neuropeptides remains to be defined[174], it 
should be emphasized that strain and sex differ- 
ences exist in pancreatic (as well as pituitary) 
peptide contents of obese and diabetic mutant 
mice [178]. This suggests that somewhat differ- 
ent metabolic control mechanisms may operate 
in the two sexes. Finally, these neuromediators 
may also affect, particularly during stressful 
events, the presence and/or functions of immune 
cells, responsible for insulitis. Indeed, there is 

increasing evidence for the presence of specific 
receptors for most of the neurohormones and 
neurotransmitters on lymphoid ceils [136]. 

It is also well-known that adrenocortical 
hyperactivity or chronic administration of 
glucocorticoids produces diabetogenic effects: 
hyperglycemia, negative nitrogen balance, po- 
tentiation of lipolysis [132]. The mechanism of 
glucocorticoid action in the control of glucose 
homeostasis takes place, directly or indirectly, 
at different levels: not only on glucose pro- 
duction (increased gluconeogenesis); and glu- 
cose utilization (impaired peripheral glucose 
utilization); but also on pancreatic fl-cells by 
influencing insulin production. Glucocorticoid 
action may be seen as impairing the effect 
of insulin, generally accompanied by increased 
insulin production[179]. Indeed, numerous 
studies, using adrenalectomized or hypophysec- 
tomized animals, given corticosteroid replace- 
ment therapy showed that glucocorticoids 
increase the pancreatic insulin content, insulin 
output by isolated perfused pancreas and insulin 
plasma levels [180-182]. Moreover, it was re- 
cently suggested that glucocorticoid stimulation 
of pancreatic proinsulin mRNA levels is medi- 
ated indirectly through its regulation of glucose 
metabolism [183]. However, important and im- 
mediate in vitro effects of glucocorticoids have 
also been noted, resulting in inhibition of insulin 
and stimulation of glucagon secretion [184, 185]. 
These effects have been suggested to take 
place at the plasma membrane (i.e. nonreceptor- 
mediated), in relation with a potentiation of 

-adrenergic receptors [184]. 
Since the demonstration that subtotal pancre- 

atectomy-induced diabetes was more frequent in 
males than in females [186], the mechanism of 
the protective influence of the ovaries has been 
carefully investigated [187-191]. Whereas ovari- 
ectomy was shown to increase the incidence and 
severity of diabetes in female animals, natural 
estrogens caused islet hypertrophy and hyper- 
plasia as well as E-cell degranulation. In ovari- 
ectomized animals, in vivo treatment with 
physiological amounts of estrogens or pro- 
gesterone lowered blood glucose concentrations 
and increased circulating insulin levels, while 
decreasing those of glucagon [191]. Because of 
the effect of estradiol on the concentrations of 
other plasma steroids (in particular, glucocorti- 
coids and progesterone, see below), the possi- 
bility of an indirect effect has been 
suggested [190, 191]. Indeed, whereas studies of 
the estradiol action on castrated (progesterone- 



Steroids and 

deprived) rats tended to exclude progesterone as 
a mediator of estradiol effect, the presence of 
adrenal glands appeared to be essential for the 
expression of estradiol action on glucoregula- 
tion and islets: adrenalectomy not only sup- 
pressed the estradiol-induced hyperinsulinism, 
but caused a decrease in basal plasma insulin 
and in pancreatic insulin content. At this point, 
it is interesting to note that, despite this ben- 
eficial effect of estradiol on insulin secretion, 
female NOD mice spontaneously develop 
IDDM, suggesting that other targets are in- 
volved for the deleterious effects of physiologi- 
cal amounts of estradiol, and/or the importance 
of the absence of testosterone. Moreover, if 
the beneficial effect of estradiol treatment on 
the incidence in female NOD mice is 
confirmed[121], one has to consider that: 
IDDM is a T cell-dependent autoimmune pro- 
cess, where estradiol may improve the disease, 
such as in Tx-X thyroiditis [60]; and also that 
estrogens have a well-recognized stimulatory 
effect on insulin production. Both effects may be 
partly mediated by an estradiol-induced in- 
crease in glucocorticoids. 

Estrogen dependence of glucocorticoid metab- 
olism: possible relationship with the immune 
system 

The notion of sexual dimorphism in pituitary 
adrenal function has been around for a long 
time, at least in animals and particularly in 
rodents. Indeed, compared to males, female rats 
have higher basal levels of plasma cortico- 
sterone, higher diurnal rise in plasma cortico- 
sterone, higher corticosteroidogenesis by 
adrenal slices in vitro or corticosterone levels 
in the adrenal vein, and twice the circulating 
concentrations of transcortin [192-197]. ACTH 
administration or stress (ether anesthesia) pro- 
duced higher and more persistently elevated 
plasma corticosterone levels in female than in 
male rats[192]. Moreover, plasma cortico- 
sterone concentrations have been shown to fluc- 
tuate during the estrous cycle and are higher in 
proestrous [197-199]. This sexual dimorphism 
in the rat cannot be only explained in terms of 
differences of steroid in clearance and metab- 
olism of steroid, but takes place at different 
levels of the HPA axis, not only in the adrenals, 
but also in the pituitary [192]. Indeed, the pitu- 
itary appears to be functionally dimorphic in 
different ways: secretory capacity of specific cell 
types; modulation of hormone secretion by an- 
drogens and estrogens; activities of various pitu- 
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itary proteins. For example, the sex difference in 
rat pituitary glucocorticoid receptors (with 
lower levels in female) is estrogen-dependent 
and may reflect an in vivo down-regulation due 
to the higher circulating corticosterone levels 
in females [200]. This may lead to a reduced 
sensitivity to the negative feedback effects of 
glucocorticoids in the pituitary. Comparable 
sex-related differences in glucocorticoid receptor 
levels have also been observed in the rat liver 
and thymus [201]. Moreover, after adrenalec- 
tomy or ovariectomy, the concentration of glu- 
cocorticoid receptors increased, suggesting a 
dependence upon changes in plasma cortico- 
sterone influenced by the ovaries. Thus, such 
interactions between estrogens and glucocorti- 
coids must he kept in mind, and may exist at the 
level of the immune system. 

Effect of stress on the different classes of steroid 
hormones: possible relationship with the immune 
system 

When analyzing the effect of stress on the 
immune system and more particularly on 
autoimmunity, its influence on sex hormone 
metabolism should be underlined. For example, 
after physical exercise high serum cortisol con- 
centrations are observed with concomitant 
decrease in testosterone levels[202]. Intense 
mental stress over several days also decreases 
plasma testosterone in men, possibly reaching 
female levels [203]. Critical illness such as sur- 
gery, brain injury, myocardial infarction or 
septic shock induce transient fall in serum 
testosterone in men and estradiol variations in 
men and women [204, 206]. In animals, acute or 
chronic immobilization stress in rats drastically 
lowers the plasma concentration and/or 
testicular testosterone content [202, 207-210]. It 
should be noted that a species sensitivity exists: 
mice seem to be more sensitive than rats [208]. 
Moreover, glucocorticoids may be involved, or 
not, as possible underlying endocrine effectors 
of such regulation [209]. An interesting model is 
represented by the endotoxin-induced changes 
in steroid hormone levels in male rats[211]. 
Acute i.v. administration of E. coli endotoxin 
induced dramatic time- and dose-dependent in- 
creases in corticosterone, progesterone, 17~- 
progesterone, as well as estradiol and estrone, 
contrasting with a profound decrease in testos- 
terone. Endotoxin administered in similar con- 
ditions to adrenalectomized or orchidectomized 
male rats did not provoke such hormonal 
changes. These results suggest that an adrenal- 
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t es t icu la r  c o o p e r a t i o n  a n d  p o t e n t i a t i o n  o f  

a r o m a t i z a t i o n  o f  a d r e n a l  a n d  tes t icu lar  a n d r o -  

gens  exist  in the  h o r m o n a l  r e sponse  to  acu te  

e n d o t o x i n  a d m i n i s t r a t i o n .  These  o b s e r v a t i o n s  

suggest  t ha t  the  H P A - t e s t i c u l a r  axis is a c t i va t ed  

d u r i n g  shock:  c y t o k i n e s  such  as IL-1,  IL -6  a n d  

t u m o r  necros i s  f a c t o r  ( T N F )  m a y  s t imu la t e  

co r t i co s t e ro idogenes i s  [2, 131], wh ich  po ten t i -  

ates the  a r o m a t i z a t i o n  o f  a d r e n a l  o r  tes t icu lar  

a n d r o g e n s ,  l ead ing  to  dec reased  a n d r o g e n  and  

inc reased  e s t rogen  levels [212]. 

In  conc lus ion ,  we  h a v e  t r ied  to  rev iew the  role  

o f  gender ,  sex s te ro id  h o r m o n e s ,  stress a n d  

g l u c o c o r t i c o i d s  in a u t o i m m u n i t y  as well  as to 

ana lyze  the i r  d i f fe rent  levels  o f  ac t ions  and  

in te r re la t ionsh ips .  In  the  m o d e l  o f  i m m u n o l o g i -  

c a l l y - m e d i a t e d  I D D M  o f  the  N O D  m o u s e ,  sex 

h o r m o n e s  and  stress are  imp l i ca t ed  in the  devel -  

o p m e n t  o f  the  disease,  bu t  the i r  precise  m e c h a n -  

i sm o f  ac t i on  r ema ins  to be  de t e rmined .  W i t h  

r ega rd  to the  i m m u n o l o g i c a l l y - m e d i a t e d  I D D M  

in h u m a n s ,  stress m a y  r ep resen t  a p r ec ip i t a t i ng  

fac tor ,  whi le  sexua l  d i m o r p h i s m  does  n o t  ap-  

pea r  to r ep resen t  a r isk fac tor .  H o w e v e r ,  a 

poss ib le  i n t e r a c t i o n  b e t w e e n  stress h o r m o n e s  

and  sex s teroids ,  acce l e ra t ing  the  pa thogenes i s  

o f  d i abe te s  c a n n o t  be exc luded .  
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