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Abstract

which can be reactivated by the 11β-hydroxysteroid dehydrogenase type 1 [2]. In addition, the adrenal glands
produce the major androgen precursors dehydroepiandrosterone and androstenedione, which can be converted into
active sex hormones such as testosterone and estrogens in
peripheral tissues.

The neuroendocrine immune (NEI) system is regarded as a
fundamental network for the maintenance of health status
(homeostasis), and it plays an important role in several systemic
diseases, including autoimmune disorders. Among the major
players of NEI pathways are steroid hormones of the adrenal
(cortisol) and gonadal glands (sex hormones), neurohormones
such as melatonin, and more recently the vitamin D endocrine
system. Estrogens, melatonin and chronic stress (inducing
decreased adrenal glucocorticoid release over a long time) strongly
modulate the NEI system and stimulate the immune response. The
vitamin D endocrine system is regarded as a potential immunosuppressive factor. Consequently, estrogens (especially in patients
affected by B-cell-driven immunity) and melatonin should be
avoided, and glucocorticoids (as replacement therapy) and vitamin
D are allowed in the treatment of autoimmunity.

Introduction
The neuroendocrine immune (NEI) system is generally considered a fundamental network and its integrity is essential for
the maintenance of health status in humans [1]. As a consequence, several systemic diseases, including autoimmune
disorders, originate from the altered balance/activation of the
NEI system.
Modulators of the immune system include different hormones,
and major players of NEI pathways are steroid hormones of
the adrenal and gonadal glands, as well as neurohormones
such as melatonin (MLT) [1]. Steroid hormones are not
stored in endocrine glands in the form of the final bioactive
hormones, but their precursor cholesterol is metabolized by
different enzyme steps leading to cortisol, the bioactive highly
antiinflammatory endogenous glucocorticoid. The enzyme
steps are regulated by microenvironmental factors such as
cytokines. In the tissue, cortisol is degraded to cortisone,

Gonadal glands mainly synthesize sex hormones such as
testosterone (in the testicles) and estrogens (in the ovaries),
again from the precursor cholesterol. Testosterone can also
be viewed as a precursor of estrogens in tissue with high
aromatase activity (that is, rheumatoid synovial tissue).
Interestingly, another hormone arising from cholesterol,
namely vitamin D and its endocrine system, is involved in
various biological processes that modulate immune responses (mainly immunosuppressive), and has an important
role in autoimmune diseases [3].

Role of glucocorticoids in autoimmunity and
inflammation
Several factors are involved in the pathogenesis of autoimmune rheumatic diseases, including genetic aspects,
chronic infections, sex hormones (estrogens) and stress
(Figure 1).
In particular, stress (that is, interpersonal, severe surgery,
chronic infections) is now recognized as an important risk
factor [4]. Patients with insufficient stress response axes
demonstrate paradoxically decreased stress responses and,
consequently, proinflammatory side effects [5]. The loss of
adequate stress responses is reflected by low serum levels of
cortisol and also low concentrations of norepinephrine in the
tissue (nerve fiber loss) [1,5]. Minor stress and probably also

IFN = interferon; IL = interleukin; MLT = melatonin; NEI = neuroendocrine immune; 1,25(OH)2D3 = 1,25-dihydroxyvitamin D3; RA = rheumatoid
arthritis; SLE = systemic lupus erythematosus; TNF = tumor necrosis factor; VDR = vitamin D receptor.
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Figure 1

glucocorticoid administration represents the most effective
replacement treatment [9].

Insights into therapeutic optimization of
neuroendocrine immune system modulation
in autoimmunity
It has been known for many decades that disease symptoms
in immune-mediated diseases such as RA follow obvious
circadian rhythms, with an increase of activity in the early
morning hours, abatement during the day, and a smaller new
increase in the early evening [10].

Factors involved in the pathogenesis of autoimmune rheumatic
diseases. The major risk factors in autoimmunity include specific
genetic background, chronic infections as triggers of the immune
response, estrogens as general enhancers of the immune response (at
least B-cell-driven), and chronic stress over a long time inducing a
decreased adrenal glucocorticoid release.

major stress are therefore not accompanied by an adequate
stress response, especially over a long time, which leads to
inadequately low concentrations of stress axes mediators
(that is, endogenous glucocorticoids) in relation to the
immune/inflammatory situation [5].
Therapeutically, a reduction in stress episodes or a change of
stress management must be implemented.

A number of articles have reported a temporal relationship
between elevated levels of proinflammatory cytokines and
symptoms of RA, such as morning stiffness [11,12]. Several
of these cytokines are highly elevated in patients with active
RA in the early hours of the day, but after noon their levels are
almost zero. Their release pattern and serum concentrations,
respectively, are modulated by hormones and neuronal
pathways coordinated by a subordinate neuroendocrine
centre in the hypothalamus, which follows a strict 24-hour
daily cycle.
The closest similarity with the daily pattern of RA symptoms,
such as morning stiffness, joint pain and functional disability,
seems to exist for serum concentrations of IL-6 (Figure 2).
Proinflammatory hormones (that is, MLT) start to rise during the
night before the onset of RA symptoms and before an
endogenous cortisol rise in these patients [11] (Figure 2). The
role of IL-6 in the regulation of inflammatory and immune
responses, particularly in RA, is well established, but an
increased production of other proinflammatory cytokines such
as TNF, IL-1, IL-8, IL-12 and IL-17 has also been reported [13].

Based on their decreased concentrations in chronic diseases,
glucocorticoids are now considered important diseasemodifying antirheumatic drugs at least in rheumatoid arthritis
(RA) [1,6]. In addition, mild exercise and training and a
decrease in the proinflammatory load – as obtained also by
the use of anticytokine therapy – can normalize stress axes,
leading to favorable responses and decreased appeal of
exogenous glucocorticoids [7].

RA has also been considered characterized by an inadequate
antiinflammatory response that may contribute to morning
stiffness. This lack of anti-inflammatory response is not yet
totally understood. Cortisol secretion and glucocorticoid
receptor density, however, have been reported to be altered
in patients with RA. Furthermore, changes of peripheral
metabolism of endogenous glucocorticoids may also
contribute to the early morning manifestation of the disease
symptoms in RA [13].

Suppression of the hypothalamic–pituitary–adrenal axis,
however – especially in polymyalgia rheumatica, an inflammatory syndrome affecting older people – plays an important
pathogenetic role [8]. In fact, older people per se represent a
condition of endocrine senescence including adrenal
hypofunction, and the presence of chronic stress represents
a harmful stimulus to seriously compromised endogenous
glucocorticoid production. Interestingly, serum cytokine
(mainly IL-6) and steroidal hormone patterns suggest that
patients with polymyalgia rheumatica have an intensive
inflammatory reaction (much higher then in RA), and

Based on these considerations, the usual administration of
glucocorticoids between 06:00 and 08:00 hours has been
suggested as not optimal [14]. This could simply be too late
since the night-time pathophysiological processes have
already led to inflammation, pain and subjective symptoms.
Consequently, it has been hypothesized that it could be
easier to prevent the circadian increase of proinflammatory
cytokine levels, and therefore the consequently observed
clinical signs and symptoms of the disease, than to treat
these signs and symptoms once they are established in the
morning [10].
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Figure 2

Daily pattern of rheumatoid arthritis symptoms for serum
concentrations of IL-6. Proinflammatory hormones (that is, melatonin)
start to rise during the early night before the onset of rheumatoid
arthritis symptoms and before the endogenous cortisol rise in these
patients. Grey shading, trigger time for the IL-6 rise.

A new modified-release delivery system has been developed
that adapts the release of the administered glucocorticoids to
the circadian rhythms of endogenous cortisol and disease
symptoms to improve glucocorticoid therapy [15]. The efficacy
and safety of a new modified-release prednisone tablet (intake
at 22:00 hours, release at 02:00 hours) compared with
immediate-release prednisone (intake at 07:00 hours) in RA
patients was recently tested. The mean relative change in
duration of morning stiffness of the joints from baseline to
end of treatment (12 weeks) was significantly higher with
modified-release prednisone than with immediate-release
prednisone (–22.7% vs. –0.4%; difference = 22.4% (95%
confidence interval = 0.49 to 44.30); P = 0.045). Patients in
the modified-release prednisone group achieved a mean
reduction of morning stiffness of 44.0 minutes (standard
deviation = 136.6 minutes) compared with baseline.
The absolute difference between the treatment groups was
29.2 minutes (95% confidence interval = –2.59 to 61.9) in
favor of modified-release prednisone (P = 0.072). The safety
profile did not differ between treatments [15].
Optimization of the timing (night) and dosage (low) of
glucocorticoids has been recently recommended to improve
the tolerance and efficacy in autoimmune rheumatic diseases
[16].

Insights into neurohormonal effects of
melatonin in autoimmunity
MLT is an important neurohormone mainly synthesized by the
pineal gland with a circadian rhythm that peaks between
01:00 and 03:00 hours.

At physiological concentrations in human peripheral blood
mononuclear cells, MLT has been reported to stimulate the
production of IFNγ, IL-1, IL-2, IL-6 and IL-12, but not production
of IL-4 [17]. In addition, MLT was found to enhance production
of inflammatory cytokines from cultured human monocytes/
macrophages, including IL-12, and to turn the MLT/IL-2
connection towards the enhancement of T-cell immunity [18].
MLT serum levels at 20:00 and 08:00 hours have been found
to be significantly higher in patients with RA than in healthy
control individuals (P <0.05). MLT was found to be detectable at high concentration in synovial fluids from patients
who had RA, and binding sites for MLT were present in
synovial macrophages [18]. Interestingly, IFNγ, IL-1, IL-6, IL-2,
IL-12 and TNF production reach their peak during the night
and early morning, shortly after MLT serum levels are highest
and plasma cortisol is lowest [19] (Figure 2). This is in line
with the hypothesis that MLT upregulates cytokine production
and immune system activity [18].
Since until recently there was still a need to obtain clinicallybased evidence about the possible role of MLT as a diseasepromoting or a disease-protecting hormone in RA, a doubleblind placebo-controlled study investigating the effects of
MLT administration in patients with RA was initiated [20]. The
results obtained were somewhat disappointing and surprising, as the authors stated in the discussion by considering
MLT an in vitro potent antioxidant [20]. MLT was therefore
expected to decrease oxidative processes such as lipid
peroxidation that decreased in RA patients, but the erythrocyte sedimentation rate and neopterin levels increased
compared with patients treated with placebo. This observation is consistent with an antioxidant effect, but also suggests
some proinflammatory activity [20]. In addition, no reduction
of RA disease activity was observed, and the disease
appeared to be worse in some MLT-treated RA patients.
Serum TNF was recently found to be higher in Northern
European patients with RA than in their controls and was
found to be significantly correlated with the early increased
serum MLT concentrations, at least during the winter [21].
The increased serum concentrations and circadian rhythm of
MLT and a relative adrenal insufficiency in chronic RA (low
cortisol) therefore allow at least T-helper type 1 cytokines to
be produced in higher amounts during the late night under
the enhancing effect of the pineal hormone (Figure 3).
In conclusion, the translation from basic research to clinical
medicine clearly showed that MLT treatment does not
improve RA and must be avoided [22].

Insights into estrogen involvement in
neuroendocrine immune disturbances and
autoimmunity
Generally, based on epidemiological and immunological
evaluations, estrogens enhance the humoral response
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Figure 3

Altered balance between nocturnal hormones in rheumatoid arthritis.
The altered balance between nocturnal hormone production in chronic
diseases such as rheumatoid arthritis (RA) is characterized by
increased levels and steady-state duration of melatonin (enhancer of
the immune/inflammatory reaction) and by decreased adrenal cortisol
availability (downregulator of the immune/inflammatory reaction).

(antibody production, T-helper type 2 immune response,
B-cell immunity); but, at the same time, estrogens might
inhibit T cells and macrophages at normal to high estrogen
concentrations [23]. The translation of the study results on
modulatory effects of estrogens obtained from animal and in
vitro investigations to the human condition, however, is
always difficult and complex [24]. In addition, in most animal
studies only 17β-estradiol was used as the investigated
estrogen and in most human studies a crude mixture of
conjugated estrogens was used, which can have proinflammatory effects, as recently reviewed [25].
Different concentrations used in in vitro or in vivo testing
might also render estrogen friend or foe in immune/
inflammatory conditions. Moreover, different cells involved in
the immune/inflammatory response react in an opposite
manner to different estrogen concentrations. In addition, the
expression of estrogen receptors (estrogen receptor alpha or
estrogen receptor beta) might be quite different under
inflammatory conditions depending on the microenvironment
and the type of disease. Generally, estrogens enhance cell
proliferation and reduce cell apoptosis [26]. Finally, the role
of local estrogen concentrations and the type of peripheral
estrogen metabolites at the level of inflammatory foci is of
great importance in order to explain the sometime opposite
modulatory effects exerted by these hormones on the
immune/inflammatory reaction [27].
Immunological evidence suggests that female gonadal
hormones exert an important role in the etiology and course
of chronic autoimmune diseases since the menstrual cycle,
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pregnancy and menopausal status are recognized as significant influencing factors [28].
Generally, the immune supportive role exerted by estrogens is
evident in trauma/sepsis and some chronic autoimmune
disorders such as systemic lupus erythematosus (SLE) or
Sjögren syndrome [28]. Interestingly, studies in women using
oral contraceptives versus those not using oral contraceptives demonstrated no significant increased risk of developing
SLE, but hormone replacement therapy in postmenopausal
women seems to increase the risk of developing SLE [29].
Oral contraceptive use was not associated with changes in
the disease course in premenopausal women with SLE, at
least in the nonactive phase, but hormone replacement
therapy increased the risk of mild flares in postmenopausal
patients [23]. This information indicates that the positive
effect of estrogens on B cells does not play a role in
premenopausal women with normal menstrual cycles and low
disease activity, but estrogens mildly stimulate SLE in women
with postmenopausal levels of estrogens [23].
Nevertheless, mainly for strictly B-cell-dependent diseases,
the female to male preponderance can be explained by the
propagating effects of estrogens [30]. On the other hand,
because men never experience high estrogen (or progesterone) levels like women during pregnancy, the apparent
gender dimorphism of chronic inflammatory diseases during
the reproductive period of women can be explained. In
addition, higher androgen levels in men most often exert
inhibitory effects on many immune phenomena (the opposite
for low androgen levels; that is, in Klinefelter syndrome),
which is an other important argument why women with low
androgen levels are protected from infectious diseases but
are more prone to B-cell-dependent autoimmunity [31,32].
In conclusion, in the presence of active immune-mediated
diseases such as SLE (or antiphospholipid syndrome and
others), the administration of estrogens should be avoided.

Vitamin D endocrine system in autoimmunity
The discovery of the vitamin D receptor (VDR), a member of
the nuclear hormone receptor superfamily, in the cells of the
immune system suggested that vitamin D could have
immunoregulatory properties [3].
The vitamin D endocrine system is involved in various biological processes that modulate immune responses, and
plays an important role in autoimmune diseases [33]
(Figure 3). In addition to exerting direct modulatory effects on
T-cell and B-cell function, VDR agonists influence the
phenotype and function of dendritic cells, thereby promoting
tolerogenic properties that favor the induction of regulatory,
rather than effector, T cells [34]. VDR agonistic effects have
been demonstrated in several experimental models and could
be utilized to treat several autoimmune diseases and other
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immune-mediated pathologies that are characterized by
chronic inflammatory responses [3].

Figure 4

1,25-Dihydroxyvitamin D3 (1,25(OH)2D3) – which is produced by macrophages, dendritic cells, T cells and B cells –
seems to contribute physiologically, via the VDR expressed in
these cell types, to the autocrine and paracrine regulation of
both innate and adaptive immune responses [35-37]
(Figure 4). This tight control of bioactive hormone production
by cells of the immune system itself further supports the
relevance of the vitamin D endocrine system in the
modulation of immune responses in health and disease. A
physiological role for vitamin D in the immune system is also
supported by the presence of the VDR in primary lymphoid
organs. The primary lymphoid organs (bone marrow and
thymus) are the centers where the immune system develops
and differentiates [38].
T cells have been shown to play fundamental roles in autoimmune diseases. Quiescent CD4+ T cells express VDRs at
low numbers, which increase fivefold after activation [39].
The effects of 1,25(OH)2D3 on the acquired, antigen-specific
immune response are characterized by inhibition of T-lymphocyte activation, particularly of the T-helper type 1 arm. Treatment of CD4 T cells with 1,25(OH)2D3 inhibits T-helper
type 1 cell proliferation and cytokine production [40]. Other
observations demonstrated inhibition of both T-helper type 1
and T-helper type 2 cell cytokine production, including
inhibition of IL-4 [41,42].
Interestingly, 1,25(OH)2D3 has been found to regulate the
proliferation of activated B cells and their subsequent
differentiation, as well as enhancing IL-10 expression, further
suggesting its role in the maintenance of B-cell homeostasis;
this regulation also shows that the correction of vitamin D
deficiency may be useful in the treatment of B-cell-mediated
autoimmune disorders as well as allergic immune responses
[37,43]. Addition of 1,25(OH)2D3 was also shown to inhibit
the expression of IL-6, an important factor that stimulates Thelper type 17 cells, which seem considered a critical
component of the autoimmune reaction [44].
Interestingly, vitamin D has been shown to inhibit antibody
secretion and autoantibody production in B cells [45]. In
vitro, 1,25(OH)2D3 stimulates phagocytosis and killing of
bacteria by macrophages but suppresses the antigenpresenting capacity of these cells and of dendritic cells [46].
Vitamin D has been found to promote the induction of monocytic differentiation to macrophages and to modulate macrophage responses, preventing them from releasing proinflammatory cytokines and chemokines [47]. In synthesis, the most
evident effects of the vitamin D hormone on the immune
system seem to be in the control of T-helper type-1-driven
autoimmunity and partially the T-helper type-2-driven immune
response.

Downregulatory and upregulatory influences exerted by vitamin D on
the immune response. Synthetic presentation of the major
downregulatory (yellow) and upregulatory (with) influences exerted by
vitamin D on the immune response. Effects on T lymphocytes and B
lymphocytes and related cytokines, as well as on antigen-presenting
cells (APC) and dendritic cells (DC). NKT, natural killer T cells; TGFβ1,
transforming growth factor beta 1; Th, T-helper type cells; Treg,
regulatory T cells.

Decreased vitamin D plasma levels have been linked to
autoimmune diseases in humans [41]. A large populationbased study (Nurses Health Study I and II) showed recently
that women in the highest quintile of vitamin D intake had a
40% reduced rate of developing multiple sclerosis [48].
Experimentally it has been shown that vitamin D deficiency
exacerbates both inflammatory bowel disease and multiple
sclerosis in animals, and vitamin D hormone has been shown
to suppress experimental encephalitis and colitis in mice [41].
Low serum levels of vitamin D might be related, among other
factors, to prolonged daily darkness (reduced activation of
the provitamin D by ultraviolet B sunlight), to different genetic
background (that is, vitamin D receptor polymorphism) and to
nutritional factors. This might also explain the latitude-related
prevalence of autoimmune diseases such SLE and RA by
considering the potential immunosuppressive roles of vitamin D
[49].
The 25(OH)D3 plasma levels have recently been found to be
inversely correlated with RA disease activity, showing a
circannual rhythm (more severe in winter) [50]. In addition,
greater intake of vitamin D was associated with a lower risk of
RA, as well as a significant clinical improvement being
strongly correlated with the immunomodulating potential in
vitamin-D-treated RA patients [50].
Patients with SLE have multiple risk factors for vitamin D
deficiency, and the disease complexity seems to correlate
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with lower 25-OH vitamin D plasma levels [51]. Consideration of the possibility of vitamin D deficiency and its treatment
should therefore be mandatory in SLE patients, but also in
patients with undifferentiated connective tissue disease [5154].

16.

Conclusions
Presently, by considering some of the major players of the NEI
system, it is evident that estrogens, MLT and chronic stress
(chronic stress inducing a decreased adrenal glucocorticoid
release over a long time) can support the immune response. In
contrast, the integrity of the vitamin D endocrine system is
regarded as a potential immunosuppressive hormonal system.
Estrogens (especially in patients affected by B-cell-driven
immunity) and MLT should consequently be avoided, and
glucocorticoids (as replacement therapy) and vitamin D are
allowed in the treatment of autoimmunity.
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