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of pro-infl ammatory cytokines in the pathogenesis of 
atherosclerosis and major depression, and conditions 
such as visceral-type obesity, metabolic syndrome and 
sleep disturbances. During infl ammation, the activation 
of the stress system, through induction of a Th2 shift, 
protects the organism from systemic ‘overshooting’ with 
Th1/pro-infl ammatory cytokines. Under certain condi-
tions, however, stress hormones may actually facilitate 
infl ammation through induction of interleukin (IL)-1, IL-6, 
IL-8, IL-18, tumor necrosis factor- �  and C-reactive protein 
production and through activation of the corticotropin-
releasing hormone/substance P-histamine axis. Thus, a 
dysfunctional neuroendocrine-immune interface associ-
ated with abnormalities of the ‘systemic anti-infl amma-
tory feedback’ and/or ‘hyperactivity’ of the local pro-in-
fl ammatory factors may play a role in the pathogenesis 
of atopic/allergic and autoimmune diseases, obesity, de-
pression, and atherosclerosis. These abnormalities and 
the failure of the adaptive systems to resolve infl amma-
tion affect the well-being of the individual, including be-
havioral parameters, quality of life and sleep, as well as 
indices of metabolic and cardiovascular health. These 
hypotheses require further investigation, but the an-
swers should provide critical insights into mechanisms 
underlying a variety of common human immune-related 
diseases. 
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  Abstract 
 Cytokines mediate and control immune and infl amma-
tory responses. Complex interactions exist between cy-
tokines, infl ammation and the adaptive responses in 
maintaining  homeostasis , health, and well-being. Like 
the stress response, the infl ammatory reaction is crucial 
for survival and is meant to be tailored to the stimulus 
and time. A full-fl edged systemic infl ammatory reaction 
results in stimulation of four major programs: the acute-
phase reaction, the sickness syndrome, the pain pro-
gram, and the stress response, mediated by the hypo-
thalamic-pituitary-adrenal axis and the sympathetic 
nervous system. Common human diseases such as ato-
py/allergy, autoimmunity, chronic infections and sepsis 
are characterized by a dysregulation of the pro- versus 
anti-infl ammatory and T helper (Th)1versus Th2 cytokine 
balance. Recent evidence also indicates the involvement 
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 Homeostasis within the immune system is largely de-
pendent on cytokines, the chemical messengers between 
immune cells, which play crucial roles in mediating in-
fl ammatory and immune responses. These diverse groups 
of proteins may be regarded as hormones of the immune 
system. Cytokines act in an autocrine, paracrine or endo-
crine fashion to control the proliferation, differentiation 
and activity of immune cells. For instance, T helper (Th)1 
cells primarily secrete interferon (IFN)- � , interleukin 
(IL)-2 and tumor necrosis factor (TNF)- � , which promote 
cellular immunity, whereas Th2 cells secrete a different 

set of cytokines, primarily IL-4, IL-10 and IL-13, which 
promote humoral immunity  [1–3]  ( fi g. 1 ). 

 Naive CD4+ (antigen-inexperienced) Th0 cells are bi-
potential and serve as precursors of Th1 and Th2 cells. 
IL-12, produced by antigen-presenting cells (APC), such 
as monocytes/macrophages and dendritic cells, is the ma-
jor inducer of Th1 differentiation and, hence, cellular im-
munity. IL-12 also synergizes with IL-18 to induce the 
production of IFN- �  by natural killer (NK) cells. Thus, 
IL-12 in concert with IL-18, IFN- �  and IFN- �  promote 
the differentiation of Th0 cells towards the Th1 pheno-

 Fig. 1.  A simplifi ed scheme of the bidirec-
tional communication between the brain 
and the immune system; role of cytokines 
in the regulation of cellular and humoral 
immunity, and the role of neuroendocrine 
and immune adaptive responses in infl am-
mation. Lymphoid organs, and particularly 
their parenchyma, similar to smooth mus-
cles of the vasculature, receive predomi-
nantly sympathetic/noradrenergic and pep-
tidergic/sensory innervation; the heart and 
the gastrointestinal tract receive both sym-
pathetic and parasympathetic (cholinergic) 
innervation. Cellular immunity provides 
protection against intracellular bacteria, 
protozoa, fungi and several viruses, while 
humoral immunity provides protection 
against multicellular parasites, extracellular 
bacteria, some viruses, soluble toxins and 
allergens (see text). Ach = Acetylcholine; 
ADO = adenosine; APC = antigen-present-
ing cells; Ag = antigen; ACTH = adrenocor-
ticotropic hormone; CGRP = calcitonin 
gene-related peptide; CRH = corticotropin-
releasing hormone; DC = dendritic cell; 
HPA = hypothalamic-pituitary-adrenal axis: 
NK = natural killer cells; NE = norepineph-
rine; SNS = sympathetic nervous system; 
SP = substance P; Tc = T-cytotoxic cells.
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type. IL-1, IL-12, TNF- �  and IFN- �  also stimulate the 
functional activity of T-cytotoxic cells, NK cells and ac-
tivated macrophages, which are the major components of 
cellular immunity. The type 1 cytokines IL-12, TNF- �  
and IFN- �  also stimulate the synthesis of nitric oxide 
and other infl ammatory mediators that drive chronic de-
layed-type infl ammatory responses. Because of their syn-
ergistic roles in stimulating infl ammation IL-12, TNF- �  
and IFN- �  are considered the major pro-infl ammatory 
cytokines  [1–3] .  

 Th1 and Th2 responses are mutually inhibitory. Thus, 
IL-12 and IFN- �  inhibit Th2, while IL-4 and IL-10 in-
hibit Th1 cell activities. IL-4 and IL-10 promote humor-
al immunity by stimulating the growth and activation of 
mast cells and eosinophils, the differentiation of B cells 
into antibody-secreting B cells, and B-cell immunoglobu-
lin switching to IgE. Importantly, these cytokines also in-
hibit macrophage activation, T-cell proliferation and the 
production of pro-infl ammatory cytokines  [1–3] . There-
fore, the Th2 (type 2) cytokines IL-4 and IL-10 are the 
major anti-infl ammatory cytokines. 

   Cytokines and Common Human Diseases 

 Cytokines and Allergy/Atopy 
 Dr. Stephen Durham (National Heart and Lung Insti-

tute, London, UK) summarized recent evidence that al-
lergic diseases, e.g. asthma, seasonal and perennial aller-
gic rhinitis, eczema, and IgE-mediated food allergy, are 
characterized by dominant Th2 responses, overproduc-
tion of histamine and a shift to IgE production  [4, 5] . The 
Th2 cytokines IL-4 and IL-13 induce B lymphocytes to 
express the  � -germline gene transcript, an essential pre-
cursor for immunoglobulin heavy-chain rearrangement 
and IgE antibody production. IL-5 is selective for eosino-
phils and promotes maturation, activation and priming 
for mediator release. Atopic eczema presents a mixed 
Th2/Th1 pattern, although Th2 responses are considered 
important during the evolution of eczematous lesions. 
Thus, asthma, rhinitis and eczema should be regarded as 
systemic diseases in view of their multiple manifesta-
tions. These diseases are associated with a marked nega-
tive impact on quality of life, manifested as absence from 
work/school, impairment of leisure time, and sleep dis-
turbances. 

 Dr. Dean Metcalfe (National Institutes of Health, 
Bethesda, Md., USA) emphasized the importance of mast 
cells and eosinophils in allergic reactions, where tissue 
mast cell activation triggers a local infl ammatory re-

sponse, with the eosinophils being the principal recruited 
cell. By far, the most common mechanism of activation 
of the mast cells is the interaction of antigen with antigen-
specifi c IgE fi xed on the surface of mast cells. There is a 
signifi cant subset of the general population that may form 
antigen-specifi c IgE to environmental agents, and these 
individuals are generally referred to as ‘atopic’. The anti-
gen-specifi c IgEs become rapidly fi xed to high-affi nity re-
ceptors on the surface of mast cells and basophils that 
bear Fc � R1. This can also trigger circulating basophils to 
degranulate, and such reactions may contribute to sys-
temic allergic reactions. However, tissue-based mast cells 
are the most important cells in the genesis of mast-cell-/
eosinophil-based disorders. Their activation leads to the 
generation of arachidonic acid metabolites, the release of 
histamine and proteases, and the generation and release 
of cytokines such as TNF- � . These substances cause in-
creased vascular permeability, and attract infl ammatory 
cells, including neutrophils, eosinophils, monocytes and 
lymphocytes  [6–8] . 

 Drs. Giovanni Passalacqua and Giorgio Canonica 
(University of Genoa, Genoa, Italy) presented evidence 
that adhesion molecules play a substantial role for the 
selective recruitment of infl ammatory cells and that 
ICAM-1 (CD54) is one of the most reliable markers of 
ongoing allergic infl ammation at the nasal and bronchial 
level. Furthermore, a weak infl ammatory infi ltration is 
present in the mucosae, even in the absence of symptoms, 
when a sub-threshold exposure to the allergen persists – 
this is referred to as minimal persistent infl ammation and 
has been demonstrated in both mite- and pollen-induced 
allergy. The minimal persistent infl ammation also in-
volves a weak and persistent expression of the ICAM-1 
molecule, which is the major receptor for human rhino-
viruses. Minimal persistent infl ammation and ICAM-1 
expression in symptom-free allergic subjects is of rele-
vance because, especially in children, asthma exacerba-
tions are frequently related to upper-respiratory rhinovi-
ral infections  [9–11] . 

 Asthma is an infl ammatory disease in which the lung 
is populated by CD4+ T cells belonging to the Th2 phe-
notype producing IL-4, IL-5, IL-9 and IL-13. The over-
expression of these cytokines results in recruitment and 
activation of mast cells and eosinophils that mediate local 
infl ammation and consequently airway obstruction and 
hyperresponsiveness  [5] . Recent studies indicate that 
when compared with control subjects, reduced numbers 
of IL-12-expressing cells, and elevated IL-13 mRNA and 
protein levels exist in bronchial biopsy specimens and 
bronchial lavage cells from asthmatic patients  [12] . Inter-
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estingly, elevations in IL-13 appear to have a closer as-
sociation with asthma than with atopy. Furthermore, the 
major source of IL-13 in bronchial lavage fl uid appears 
to be the alveolar macrophage. Thus, an impaired IL-12 
production coupled to an overproduction of IL-13 by al-
veolar macrophages may underlie to a great extent the 
Th2-biased response in asthma  [5, 12] . 

   Cytokines and Th1-Related Autoimmunity 
 Several autoimmune diseases are characterized by 

common alterations in the Th1 versus Th2 and pro- ver-
sus anti-infl ammatory cytokine balance. In rheumatoid 
arthritis (RA), multiple sclerosis (MS), type 1 diabetes 
mellitus and autoimmune thyroid disease, the balance is 
skewed towards Th1 and an excess of IL-12 and TNF- �  
production, whereas Th2 activity and the production of 
IL-10 appear to be defi cient. This may be a critical factor 
that determines the proliferation and differentiation of 
Th1-related autoreactive cellular immune responses in 
these disorders  [13] . 

 Dr. Warren Strober (National Institutes of Health, 
Bethesda, Md., USA) presented evidence from studies in 
murine models that resemble Crohn’s disease (CD), as 
well as studies of CD in humans, demonstrating that  in-
fl ammation in CD is due to a Th1 T-cell abnormality in-
volving overproduction of IL-12, IFN- �  and TNF- � , 
whereas ulcerative colitis is probably driven by the pro-
duction of IL-13  [14] . Importantly, in murine models, 
treatment with anti-IL-12 or other agents that down-reg-
ulate the level of IL-12 secretion can have a dramatic ef-
fect on the infl ammation, resolving it within days in some 
cases. The success of these agents in murine models of 
infl ammation has led to a clinical trial of anti-IL-12 treat-
ment in patients with CD. A second checkpoint of Th1 
T-cell-mediated infl ammation involves its down-regula-
tion by the suppressor cytokine transforming growth fac-
tor (TGF)- � . Dr. Strober reported that he and his team 
have successfully treated mice with experimental intesti-
nal infl ammation with intranasally administered DNA 
encoding TGF- �   [15, 16] . 

   Cytokines in Depression and Atherosclerosis 
 Drs. Philip Gold and George Chrousos (National In-

stitutes of Health, Bethesda, Md., USA) addressed the 
recent evidence suggesting that pro-infl ammatory cyto-
kines contribute to the biology of depression. First, treat-
ment of patients with chronic hepatitis C and malignant 
melanoma with high doses of IFN- �  is often accompanied 
by symptoms of depression, such as abnormal sleep pat-
terns, irritability, anxiety, low mood, cognitive impair-

ment, in addition to mild-to-severe fatigue, apathy and 
loss of appetite as common adverse effects  [17–19] . A 
full-blown depressive disorder is reported in up to 36% 
of cases. Second, behavioral changes resembling the veg-
etative symptoms of depression are observed in rodents 
after acute administration of proinfl ammatory cytokines. 
Third, recent evidence indicates increased serum levels 
of pro-infl ammatory cytokines, e.g. IL-6, in subjects with 
depressive symptoms and syndromes. Interestingly, de-
creased levels of the anti-infl ammatory cytokine TGF- �  2  
were recently described in depressed bulimic patients, 
while in some clinical studies it has been reported that 
antidepressants may attenuate the effects of pro-infl am-
matory cytokines by increasing the production of the anti-
infl ammatory cytokine IL-10. Fourth, the involvement of 
pro-infl ammatory cytokines and specifi cally IL-6 is fur-
ther substantiated by reports showing increased plasma 
levels of acute-phase proteins such as haptoglobulin and 
C-reactive protein (CRP) in major depression  [17–19] . 

 One of the paradigm shifts in our understanding about 
atherosclerosis in the last decade is the development of 
the concept that it is potentially caused by a chronic in-
fl ammation most likely linked to infection(s) with  Chla-
mydia pneumoniae  and/or the human cytomegalovirus 
 [20] . When considering the role of cytokines in infl am-
mation related to atherosclerosis it is important to distin-
guish between local infl ammation within the plaque mi-
croenvironment and systemic infl ammation, as evident 
by acute-phase protein production and circulating pro-
infl ammatory mediators. Locally produced pro-infl am-
matory mediators with atherogenic activity include IFN-
 � , TNF- � , IL-1 � , IL-8, IL-12, IL-18 and monocyte che-
motactic protein-1. Systemic mediators and markers of 
infl ammation include IL-6, IL-8 and CRP. Increased IL-
6 is associated with elevated fi brinogen levels, which leads 
to an increased tendency to thrombosis, independent of 
the effects of IL-6  [20] . 

   Cytokines and Life-Threatening Systemic 
Infl ammation 
 Dr. Umberto Meduri (University of Tennessee, Mem-

phis, Tenn., USA) stressed that dysregulated systemic in-
fl ammation with persistent elevation in circulating infl am-
matory cytokines over time is an important pathogenetic 
mechanism for pulmonary and extrapulmonary organ dys-
function in patients with severe sepsis and acute respira-
tory distress syndrome (ARDS). Sepsis, however, may not 
be attributable solely to an ‘immune system gone haywire’ 
but may also indicate an immune system that is severely 
compromised and unable to eradicate pathogens  [21] . 
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 It is now appreciated that at cellular level, transcription 
factors [nuclear factor-�B (NF-�B)] – activated by infl am-
matory signals – and glucocorticoid receptor  �  (GR � ) – 
activated by endogenous or exogenous glucocorticoids 
(GCs) – have diametrically opposed functions (stimula-
tory vs. inhibitory) in regulating infl ammation. NF-kB is 
recognized as the principal driver of the infl ammatory 
response, being responsible for the transcription of  1 100 
genes, including TNF- � , IL-1 � , and IL-6  [22] . Once acti-
vated, NF-�B and GR �  can mutually repress each other 
through a protein-protein interaction that prevents their 
DNA binding and subsequent transcriptional activity. 
Activation of one transcription factor in excess of the 
binding (inhibitory) capacity of the other shifts cellular 
responses toward increased (dysregulated) or decreased 
(regulated) transcription of infl ammatory mediators over 
time  [23] . Recent data indicate that failure to improve in 
sepsis and ARDS is frequently associated with failure of 
the activated GRs to downregulate the transcription of 
infl ammatory cytokines despite elevated levels of circulat-
ing cortisol, a condition defi ned as systemic infl ammation-
associated acquired GC resistance which is potentially re-
versible with prolonged GC supplementation  [24] . 

   Neuroendocrine Regulation of Cytokine 
Production 

 The brain affects the immune system through the neu-
roendocrine humoral outfl ow via the pituitary, and 
through direct neuronal infl uences via the sympathetic, 
parasympathetic (cholinergic) and peptidergic/sensory 
innervation of peripheral tissues including lymphoid or-
gans and blood vessels ( fi g. 1 ). 

   Systemic Effects of Glucocorticoids and 
Catecholamines 
 Dr. Ilia Elenkov (Georgetown University Medical 

Center, Washington, D.C., USA)   summarized recent ev-
idence indicating that both GCs and catecholamines 
(CAs) systemically mediate a Th2 shift by suppressing 
APCs and Th1 and up-regulating Th2 cytokine produc-
tion  [25] . Thus, GCs and the two major CAs, norepineph-
rine (NE) and epinephrine (EPI), through stimulation of 
classic cytoplasmic/nuclear GR and  �  2 -adrenergic recep-
tors (ARs), respectively, suppress the production by APCs 
of IL-12, the main inducer of Th1 responses  [26–29] . 
Since IL-12 is extremely potent in enhancing IFN- �  and 
inhibiting IL-4 synthesis by T cells, this is also associated 
with decreased IFN- �  but increased production of IL-4 

by T cells  [29–31]  ( fi g. 1 ). GCs also have a direct effect 
on Th2 cells by up-regulating their IL-4, IL-10 and IL-13 
production  [29, 32] . GCs do not affect the production of 
IL-10 by monocytes  [26, 33] ; yet, lymphocyte-derived IL-
10 production is up-regulated by GCs  [32] . This could be 
the result of a direct stimulatory effect of GCs on T-cell 
IL-10 production and/or a block on the restraining in-
puts of IL-12 and IFN- �  on lymphocyte IL-10 produc-
tion. Both GCs and CAs inhibit the production of IL-1, 
TNF- �  and IFN- � , while CAs inhibit the production of 
TNF- �  by monocytes, microglial cells and astrocytes, and 
suppress the production of IL-1, an effect that is mostly 
indirect via inhibition of TNF- �  and potentiation of IL-
10 production  [34–38] . Since  �  2 -ARs are expressed on 
Th1 cells, but not on Th2 cells  [39],  CAs do not directly 
affect the cytokine production by Th2 cells – in murine 
and human systems  �  2 -AR agonists inhibit IFN- �  pro-
duction by Th1 cells, but do not affect IL-4 production 
by Th2 cells  [39, 40] . However, through stimulation of 
 �  2 -AR CAs up-regulate the production of the anti-infl am-
matory cytokines IL-10 and IL-6 by APCs  [26, 41–43] . 

   ATP and Adenosine 
 ATP through stimulation of P2Y11 receptors and the 

subsequent increase in cAMP inhibit IL-12 and TNF- � , 
and stimulate IL-10 production by APCs  [44, 45] . As a 
result, T cells produce lower amounts of IFN- �  and high-
er amounts of IL-4, IL-5, and IL-10  [46] . Through these 
mechanisms, ATP favors Th2 responses. However, mono-
cytes, macrophages, microglial cells, and some lympho-
cytes and cancer cells also express the P2X7 receptor that 
belongs to the 2PX family of ligand-gated ion channels. 
Binding of ATP to the P2X7 receptor activates pro-IL-1 �  
post-translational processing resulting in increased re-
lease of IL-1 �  by monocytes and microglial cells  [47, 48] . 
IL-18, like IL-1 � , is produced as a propolypeptide that 
requires cleavage by caspase-1 to generate an active ma-
ture cytokine. Thus, it appears that ATP via stimulation 
of the P2X7 receptor can act as an extracellular initiator 
of the post-translational processing of certain pro-infl am-
matory cytokines, such as IL-1 �  and IL-18, and thus fa-
vors infl ammation  [47, 48] . 

 Infl ammation, ischemia and tissue injury represent 
pathologic states in which intracellular ATP metabolism 
is accelerated, resulting in an enhanced release of the en-
dogenous purine nucleoside adenosine (ADO). Postgan-
glionic sympathetic nerve terminals also release ATP that 
is rapidly degraded to ADO, which induces vasodilation 
mediated by A2 receptors. ADO exerts potent anti-in-
fl ammatory and immunosuppressive effects mediated 
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mainly by A2 receptors: diminished leukocyte accumula-
tion, inhibition of complement (C2) production, and re-
duction of superoxide anion generation  [49–51] . ADO, 
through stimulation of A2a receptor-cAMP/PKA path-
way, also inhibits IL-12 and TNF- �  and stimulates the 
production of IL-10 by APCs  [52–55] .   

   Histamine 
 Histamine, through activation of H1 histamine recep-

tors, is one of the major mediators of acute infl ammation 
and allergic reactions. Histamine, however, via stimula-
tion of H2 receptors expressed on immune cells, also ex-
erts important immunoregulatory functions  [56] . Thus, 
histamine inhibits IL-12 and TNF- � , but potentiates IL-
10 and IL-6 production by human monocytes and den-
dritic cells  [57–60] . In addition, via H2 receptors, hista-
mine inhibits IFN- �  production by Th1 cells, but has no 
effect on IL-4 production from Th2 clones  [61] . Thus, 
histamine, similarly to CAs and ADO, appears to drive a 
Th2 shift at the level of both APCs and Th1 cells. Through 
this mechanism, allergen/antigen-IgE-induced release of 
histamine might participate in a positive feedback loop 
that promotes and sustains a shift to IgE production in 
atopic/allergic conditions. 

   Peptidergic/Sensory Nerves 
 Lymphoid organs and blood vessels receive predomi-

nantly sympathetic and peptidergic/sensory innervation. 
The most abundant peptides are substance P (SP) and 
calcitonin gene-related peptide (CGRP), which are close-
ly overlapping anatomically, but not necessarily colocal-
ized in all sensory nerves, and vasoactive intestinal poly-
peptide (VIP), present in cholinergic nerves (see below). 
Whereas SP stimulates most macrophage functions and 
upregulates TNF- �  and IL-12 production by monocytes 
and macrophages, CGRP down-regulates pro-infl amma-
tory TNF- �  and IL-12 production and potentiates IL-6 
and IL-10 secretion through the CGRP1 receptor-cAMP/
PKA pathway  [62–67] . In addition, both SP and CGRP 
are strong vasodilators, CGRP being the most potent va-
sodilator yet discovered. 

   Parasympathetic (Cholinergic) System 
 Recent evidence indicates that the efferent vagus nerve 

signaling is involved in immunoregulation. Thus, expo-
sure of human macrophages, but not peripheral blood 
monocytes to acetylcholine, the principal vagal neu-
rotransmitter, or to nicotine inhibits the release of pro-
infl ammatory cytokines TNF- � , IL-1 and IL-18, without 
affecting the anti-infl ammatory cytokine IL-10 in re-

sponse to endotoxin  [68, 69] . Moreover, direct electrical 
stimulation of the peripheral vagus nerve, in vivo ,  during 
experimental endotoxemia in rats suppresses TNF- �  syn-
thesis in liver and heart, attenuates peak serum TNF- �  
levels, and prevents the development of endotoxic shock 
 [68, 69] . In addition to the VIPergic innervation of the 
lymphoid organs, activated T cells, and particularly Th2 
cells, are the major VIP source in the immune system 
 [67] . VIP inhibits TNF- �  and IL-12 production, and 
stimulates the secretion of the anti-infl ammatory cyto-
kine IL-10, primarily through VPAC1 receptors on im-
mune cells  [67] . However, VIP induces marked vasodila-
tion in most vascular beds. 

   Local versus Systemic Effects 
 The systemic Th2-inducing properties of several hor-

mones may not pertain to certain conditions or local re-
sponses in specifi c compartments of the body. Thus, ste-
roid treatment results in a signifi cant increase in the num-
ber of IL-12+ cells with concurrent reduction in the 
number of IL-13+-expressing cells in bronchial biopsy 
specimens of asthmatics. Interestingly, this occurs only 
in steroid-sensitive but not steroid-resistant asthmatic 
subjects  [12] . The number of IL-4+ cells in the bronchial 
and nasal mucosa is also reduced by GC treatment  [70, 
71] . Furthermore, the synthesis of TGF- � , another cyto-
kine with potent anti-infl ammatory activities, is enhanced 
by GCs in human T cells but suppressed in glial cells  [72] , 
and low doses of GCs can indeed activate alveolar mac-
rophages, leading to increased lipopolysaccharide-in-
duced IL-1 �  production  [73] . 

 NE, via stimulation of  �  2 -ARs, can augment lipopoly-
saccharide-stimulated production of TNF- �  by mouse 
peritoneal macrophages  [74] . In rodents, induction of 
hemorrhage, a condition associated with elevations of 
systemic CA concentrations, or exposure of animals to 
mild inescapable electrical foot shock stress results in in-
creased IL-1 �  and TNF  �  production by alveolar macro-
phages and lung mononuclear cells  [75, 76] . These effects 
are most likely indirect – in vitro ,  a direct modulatory ef-
fect of CAs on lipopolysaccharide-induced IL-1 �  by al-
veolar macrophages was not demonstrated. Thus, stress-
induced changes in alveolar macrophage activity might 
result from alveolar type II epithelial cell activation, lead-
ing to the release of surfactant and/or other factors  [76] . 

 CAs also potentiate the production of IL-8 (a chemo-
kine that promotes the recruitment of polymorphonucle-
ar cells to an infl ammatory site) by monocytes, epithelial 
cells of the lung and endothelial cells, indirectly, via an 
effect on platelets  [77–80] . Furthermore, CAs (through 
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 �  2 -/ �  3 -ARs) and insulin up-regulate IL-6 production by 
human adipocytes  [81, 82] . IL-6 is the major inducer of 
CRP production by the liver and both GCs and CAs en-
hance this induction  [83] . Interestingly, histamine in-
duces the production of both IL-6 and IL-8 by coronary 
artery endothelial cells, whereas chronic  � -AR stimula-
tion induces myocardial, but not systemic, production 
of TNF- � , IL-1 �  and IL-6  [84, 85]  ( fi g. 2 ). 

   Corticotropin-Releasing Hormone/Substance P-Mast 
Cell-Histamine Interactions 
 Dr. George Chrousos emphasized that corticotropin-

releasing hormone (CRH) is also secreted peripherally at 
infl ammatory sites ( peripheral  or  immune  CRH)  [86] . Im-
munoreactive CRH is identifi ed locally in tissues from 
patients with RA, autoimmune thyroid disease and ulcer-
ative colitis. CRH in early infl ammation is of peripheral 
postganglionic sympathetic and sensory afferent nerve 
rather than immune cell origin  [86, 87] . Peripheral CRH 
has vascular-permeability-enhancing and vasodilatory 

actions. An intradermal CRH injection induces a marked 
increase in vascular permeability and mast cell degranu-
lation, mediated through CRH type 1 receptors  [88] . It 
appears that the mast cell is a major target of immune 
CRH. Peripheral CRH and SP, released from sensory 
peptidergic neurons, are two of the most potent mast cell 
secretagogues  [88–91] . Thus, peripheral CRH and SP ac-
tivate mast cells via a CRH type 1 and NK1 receptor-de-
pendent mechanism leading to the release of histamine 
and other contents of the mast cell granules that cause 
vasodilatation, increased vascular permeability and other 
manifestations of infl ammation ( fi g. 2 ). 

   Infl ammation, Stress, Common Human 
Diseases and Well-Being 

 Dr. George Chrousos addressed the complex interac-
tions between infl ammation and the adaptive responses 
in maintaining homeostasis, health, and well-being. He 
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  Fig. 2.  Simplifi ed scheme of the complex interactions between CAs, neuropeptides and the CRH/SP-mast cell-
histamine axis, and their pro- and anti-infl ammatory effects in certain local responses (see text; from Elenkov 
 [146] ). Solid lines represent stimulation and dashed lines inhibition.  
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stated that the infl ammatory reaction, like the stress re-
sponse, is crucial for survival of the self and species. Also, 
like the stress response, infl ammation is meant to be tai-
lored to the stimulus and time. A full-fl edged systemic 
infl ammatory reaction results in stimulation of four ma-
jor programs: (1) the acute-phase reaction, (2) the sickness 
syndrome, (3) the pain program, mediated by the afferent 
sensory and autonomic systems, and (4) the stress pro-
gram, mediated by the hypothalamic-pituitary-adrenal 
axis and the locus ceruleus-NE/sympathetic nervous sys-
tem. The main effector substances of the systemic infl am-
matory response are infl ammatory cytokines, such as 
TNF- � , IL-1 and IL-6, chemokines, such as IL-8, and 
other mediators of infl ammation; the acute-phase reac-
tants, mostly of hepatic origin, such as CRP, fi brinogen 
and plasminogen activator inhibitor 1; the effectors of the 
sensory afferent system, such as SP, and, of the stress sys-
tem, namely hypothalamic CRH and vasopressin, corti-
sol, the CAs NE and EPI, and peripheral neuronal CRH 
 [92–94] . 

 Whether it is an infl ammatory focus with spillover of 
infl ammatory effector molecules into the systemic circu-
lation or a truly generalized, systemic infl ammatory reac-
tion, the programs that are activated during infl amma-
tion have both synergistic and antagonistic actions. For 
instance, the infl ammatory cytokines, particularly IL-6, 
stimulate the hepatic synthesis of acute-phase proteins 
such as CRP, and this effect is potentiated by GCs and 
CAs, which however also inhibit the secretion of infl am-
matory cytokines, bringing infl ammation to a close. The 
sickness syndrome consists of fever, anorexia/nausea, fa-
tigue, somnolence or sleep disturbances, decreased phys-
ical, social and sexual activity, hyperalgesia, and an in-
creased metabolic rate; almost all manifestations are sup-
pressed by GCs. Yet, peripheral neuronal CRH activated 
by stress or the infl ammatory reaction, and SP activated 
by the infl ammatory reaction potentiate infl ammation. 
In fact, through the former mechanism stress may trigger 
and/or exacerbate an infl ammatory condition such as 
asthma or RA  [25, 92, 95] . 

 Chronic systemic infl ammation, depending upon its 
degree, varies from asymptomatic to mildly, to severely 
symptomatic. Regardless of the presence of overt symp-
tomatology of sickness syndrome manifestations, chronic 
elevations of circulating infl ammatory cytokines and/or 
activation of the stress system result in a combination of 
immune and metabolic disturbances, including endothe-
lial infl ammation, changes in the Th1/Th2 balance, os-
teoporosis, hypercoagulability of the blood, dyslipidemia, 
insulin resistance, carbohydrate intolerance and/or dia-

betes type 2. The non-immune manifestations constitute 
the visceral fat syndrome, which deteriorates with time 
in patients with chronic infl ammation and/or stress; this 
represents an exacerbation of a phenomenon that natu-
rally occurs with advancing age in both men and women. 
These immune and metabolic changes increase all-cause 
mortality, primarily cardiovascular complications due to 
atherosclerosis, but also those related to cancer and infec-
tion; they also cause signifi cant morbidity, potentially in-
cluding clinically signifi cant osteoporosis. Chronic or in-
termittent but frequent infl ammation due to the presence 
of infl ammatory foci, such as those in allergic rhinitis, 
bronchial asthma, periodontitis,  Helicobacter pylori  in-
fection or MS, may be responsible for varying degrees and 
patterns of sickness syndrome manifestations and may be 
associated with the chronic immune, metabolic and car-
diovascular complications of infl ammation mentioned 
above  [25, 92, 93, 95, 96] . 

 Interestingly, adipose tissue secretes large amounts of 
TNF- �  and IL-6 in a neurologically, hormonally and met-
abolically regulated fashion. The plasma levels of these 
cytokines are proportional to the body mass index and 
are further elevated in patients with visceral obesity. The 
secretion of infl ammatory cytokines has a circadian pat-
tern, with elevations in the evening and in the early morn-
ing hours. This pattern is maintained in patients with 
infl ammatory diseases and in obese subjects, albeit at a 
higher level, is affected by the quality of sleep, and cor-
relates with manifestations of the sickness syndrome. In 
obesity, the hypercytokinemia is frequently associated 
with some manifestations of the sickness syndrome, such 
as fatigue and somnolence, and of the other programs that 
may be activated during the infl ammatory reaction. Thus, 
obesity and, especially the visceral type, can be consid-
ered as a chronic infl ammatory state, with many of the 
behavioral, immune, metabolic and cardiovascular se-
quelae of such a state  [97, 98] . 

 Dr. Alexandros Vgontzas (Milton S. Hershey Medical 
Center, Hershey, Pa., USA) noted that it is only in the last 
15 years that there has been systematic study on changes 
in sleep during infection/infl ammation. Recent studies in 
humans demonstrate the association between the pro-in-
fl ammatory cytokines IL-1, IL-6 and TNF- � , and sleep 
and sleep disturbances. These cytokines increase during 
nocturnal sleep, whereas their exogenous administration 
is associated with sleepiness and fatigue. Excessive day-
time sleepiness and fatigue are a major public health con-
cern but the mechanisms are not entirely clear. Levels of 
IL-6 and TNF- �  are elevated in patients with disorders 
of excessive daytime sleepiness, and sleep disturbances 
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and obesity are the primary underlying factors of this el-
evation. Thus, hypercytokinemia is present in obese, oth-
erwise healthy individuals, whereas it is highest in obese 
patients with sleep apnea. These results indicate that hy-
percytokinemia, particularly elevation of plasma IL-6 
and TNF- �  levels related to low-grade systemic infl am-
mation, may play a role in mediating both excessive day-
time sleepiness and cardiovascular complications associ-
ated with obesity and sleep disorders, such as sleep apnea. 
On the other hand, poor sleep or sleep deprivation in 
healthy individuals leads to a signifi cant increase in day-
time plasma concentrations of IL-6, and the circadian 
pattern of this cytokine correlates with daytime sleepiness 
and fatigue  [97–100] . 

   Atopy/Allergy 
 Drs. Gailen Marshall (University of Texas, Houston 

Medical School, Houston, Tex., USA), Ilia Elenkov and 

George Chrousos noted that the effects of stress on atop-
ic/allergic reactions are complex, at multiple levels and 
can be in either direction  [25, 101, 102] . In this context, 
a clear distinction should be made between susceptibility 
to disease and effects on already established chronic Th2-
mediated infl ammatory disease. Stress episodes preced-
ing the development of the disease through induction of 
the Th2 potential may increase the susceptibility of the 
individual  [102] . When the disease is already established, 
stress may induce a Th2 shift and also can activate the 
CRH-mast cell-histamine axis (see above) and, thus may 
facilitate or sustain atopic reactions; however, these ef-
fects can be antagonized by the effects of stress hormones 
on the mast cell  [25] . GCs and CAs (through  �  2 -ARs) sup-
press the release of histamine by mast cells, thus abolish-
ing its pro-infl ammatory, allergic and bronchoconstrictor 
effects. Consequently, reduced levels of EPI and cortisol 
at night could contribute to nocturnal wheezing and have 

Table 1. Cytokines, dysfunction of the neural-immune interface and role of stress hormones in common human immune-related diseases

Disease group/
condition

Disease or
condition

Cytokines and Th profi le Comments Role of stress hormones References

Allergy/atopy asthma defi cit in IL-12, 
overproduction of  IL-4, 
IL-13, Th2 shift

the systemic Th2-inducing 
effects of stress hormones are 
antagonized by the local effects 
of GCs on Th2 cells and mast 
cell-mediator release

stress hormones and histamine may 
contribute to the defi cit in IL-12 and 
overproduction of Th2 cytokines; 
stress may also activate the CRH-mast 
cell-histamine axis; this overall may 
induce/facilitate allergic reactions

25, 101, 102

Th1-related
autoimmunity

RA, MS, 
autoimmune
thyroid disease,
diabetes
type 1, CD

overproduction of  IL-12, 
TNF-�, IFN-�; 
defi cit in IL-10, Th1 shift

stress may exacerbate RA 
through the activation of the 
CRH-mast cell-histamine axis 
(see text for details)

a hypoactive stress system may 
facilitate or sustain the Th1 shift 
(see text for details)

25, 107, 108,
111–113, 120

Major 
depression

melancholic
depression

increased serum levels of 
IL-1, IL-6 and CRP

depression is associated with 
an increased risk of 
cardiovascular diseases

IL-1 and IL-6 induce hypercortisolemic 
and hypernoradrenergic state; 
alternatively CAs up-regulate IL-6 
production, and thus increase its 
systemic levels

17–19,
121–123

Athero-
sclerosis

myocardial
infarction,
unstable
angina, 
stroke

local overproduction of 
IFN-�, TNF-�, IL-1�, 
IL-8, IL-12, IL-18; 
systemic elevation in IL-6, 
IL-8, IL-1� and CRP

the effect of stress hormones 
on adipose tissue and lipid 
metabolism may facilitate their 
local pro-infl ammatory effects 

stress hormones and histamine may 
induce the production of pro-
infl ammatory cytokines by 
myocardium, endothelium and 
adipose tissues

20, 144, 145

Major injury infection 
complications

suppressed cellular 
immunity and IL-12, and 
IFN-� production, 
overproduction of IL-10

major injury induces an 
overstimulation of the stress 
system followed by massive 
release of GCs, CAs and 
histamine

stress hormones and histamine may 
contribute to the defi cit in IL-12 and 
cellular immunity and overproduction 
of Th2 cytokines, and thus contribute 
to severe immunosuppression and 
infection complications

25, 127–129

Sepsis overproduction of 
TNF-�, IL-1
?defi cit in IL-10

inappropriate and defective systemic 
and local anti-infl ammatory effects of 
stress hormones; CA and GC 
desensitization and resistance

23, 118,
124–126,
132–134
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been linked to high circulating histamine levels in asth-
matics  [103] . This may also explain the benefi cial effect 
of GCs and  �  2 -agonists on asthma. It is noteworthy that 
infusion of high doses of adrenaline (EPI), however, 
causes a rise in circulating histamine levels that may be 
due to an  � -adrenergic-mediated increase in mediator re-
lease  [103] . Thus, severe acute stress associated with high 
EPI concentrations and/or high local secretion of CRH 
could lead to mast cell degranulation. As a result, a sub-
stantial amount of histamine could be released, which 
consequently would not antagonize, but rather amplify 
the Th2 shift through H2 receptors, while in parallel, by 
acting on H1 receptors, it could initiate a new episode or 
exacerbate a chronic allergic condition ( table1 ). 

 GCs alone or in combination with  �  2 -AR agonists are 
broadly used in the treatment of atopic reactions, and 
particularly asthma. In vivo ,  ex vivo and in vitro expo-
sure to GCs and  �  2 -agonists result in a reduction in IL-12 
production, which persists at least several days  [26, 30, 
104] . Thus, GC and/or  �  2 -AR agonist therapy is likely to 
reduce the capacity of APC to produce IL-12, to greatly 
suppress type 2 cytokine synthesis in activated, but not 
resting T cells, and to abolish eosinophilia  [30] . If, how-
ever, resting (cytokine-uncommitted) T cells are subse-
quently activated by APCs pre-exposed to GCs and/or 
 �  2 -AR agonists, enhanced IL-4 production, but limited 
IFN- �  synthesis, could be induced  [30] . Thus, while in 
the short term, the effect of GCs and  �  2 -AR agonists may 
be benefi cial, their long-term effects might be to sustain 
the increased vulnerability of the patient to the allergic 
condition. This is further substantiated by the observa-
tions that both GCs and  �  2 -AR agonists potentiate the 
IgE production in vitro and in vivo  [105, 106] . 

   Th1-Related Autoimmunity 
 Drs. Esther Sternberg (National Institutes of Health, 

Bethesda, Md., USA), Ilia Elenkov and George Chrousos 
discussed the role of the neuroendocrine system in auto-
immunity. It was postulated that a hypoactive stress sys-
tem might facilitate or sustain the Th1 shift in Th1-medi-
ated RA or MS  [25, 107, 108] . Animal studies and certain 
clinical observations support this hypothesis. Thus, 
Fischer rats, which have a hyperactive stress system, are 
extremely resistant to experimental induction of Th1-me-
diated autoimmune states, including collagen- and adju-
vant-induced arthritis and experimental allergic enceph-
alomyelitis. Conversely, Lewis rats, which exhibit a hy-
poactive stress system, are extremely prone to develop the 
above-mentioned experimentally induced Th1-mediated 
disease models  [109, 110] . Recent studies suggest that 

suboptimal production of cortisol is involved in the onset 
and/or progression of RA  [111–113] . Patients with RA 
have ‘inappropriately normal’ or low cortisol levels in 
plasma in the setting of severe, chronic infl ammation, 
characterized by increased production of TNF- � , IL-1 
and IL-6. This may actually facilitate or sustain the pro-
infl ammatory shift in this disease. Whether this abnor-
mality is primary or secondary has not been established 
 [112] . Several lines of evidence indicate that the sympa-
thetic-immune interface might also be defective in MS 
and RA  [114–118] . Interestingly, patients with long-term 
RA have a highly signifi cant reduction in sympathetic 
nerve fi bers in synovial tissues with preponderance of 
about 10:   1 for primary sensory, SP-positive fi bers as com-
pared with sympathetic fi bers  [119] . Thus, the reduction 
in sympathetic nerve fi bers in chronic diseases may lead 
to uncoupling of the local infl ammation from the anti-in-
fl ammatory input of sympathetic nerves. Since SP is a 
powerful pro-infl ammatory agent, via release of hista-
mine, TNF- �  and IL-12, such preponderance may lead 
to an unfavorable pro-infl ammatory state, supporting the 
disease process of RA. Clinical observations also indicate 
that RA and MS frequently remit during pregnancy but 
exacerbate, or have their onset, in the postpartum period. 
Recent evidence suggests that a cortisol-, NE-, and 1,25-
dihydroxyvitamin-D 3 -induced inhibition and subse-
quent rebound of IL-12 and TNF- �  production may rep-
resent a major mechanism by which pregnancy and post-
partum alter the course of or susceptibility to RA and MS 
 [120] . 

   Depression and Atherosclerosis 
 Dr. Philip Gold pointed out that in melancholic de-

pression, the stress response seems hyperactive, and pa-
tients are anxious, dread the future, lose responsiveness 
to the environment, have insomnia, lose their appetite, 
and have a diurnal variation with depression at its worst 
in the morning. Patients with melancholic depression 
have signifi cantly higher CSF NE and plasma cortisol lev-
els that are increased around the clock, with inappropri-
ately high plasma adrenocorticotropic hormone and CSF 
CRH levels, considering the degree of their hypercorti-
solism. These data suggest mutually reinforcing bidirec-
tional links between a central hypernoradrenergic state 
and the hyperfunctioning of specifi c central CRH path-
ways that are driven and sustained by hypercortisolism, 
respectively  [121] . On the other hand, Drs. Gold and 
Chrousos addressed advanced data indicating that the 
hypersomnia, hyperphagia, lethargy, fatigue, and relative 
apathy of the syndrome of atypical depression are associ-
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ated with concomitant hypofunctioning of the CRH and 
locus ceruleus-NE systems  [122, 123] . Drs. Gold and 
Chrousos also emphasized the strong association that ex-
ists between depression (melancholic) and osteoporosis. 
Endocrine factors such as depression-induced hyperse-
cretion of CRH and hypercortisolism, hypogonadism, 
growth hormone defi ciency and increased concentration 
of circulating IL-6, might play a crucial role in the bone 
loss observed in subjects suffering from major depression 
(melancholic). Abnormalities of the neuroendocrine sys-
tem in major depression (melancholic), particularly the 
hypercortisolism and the central hypernoradrenergic 
state might be accentuated by the ‘low-grade’ systemic 
infl ammation, and specifi cally the increase in plasma 
IL-1 and IL-6  [18] . Alternatively, since CAs up-regulate 
IL-6 production, the chronic hypernoradrenergic state 
may drive the increase in systemic IL-6 levels ( fi g. 2 ,  ta-
ble 1 ). 

   Sepsis 
 Severe sepsis is a pathologic state in which organs dis-

tant from a site of infection do not function normally. 
Although pulmonary dysfunction, ARDS, is most com-
mon, hepatic dysfunction, renal failure, CNS derange-
ment and cardiovascular dysfunction also occur. These 
phenomena may occur most often when systemic forces 
fail to control local infl ammation. Although CNS dys-
function, including autonomic and hypothalamic-pitu-
itary-adrenal axis dysfunction, undoubtedly plays a sub-
stantial role in the development of sepsis, the detailed 
mechanisms remain poorly understood. To complicate 
this further, the plasma compartment of the septic patient 
contains abnormal concentrations of more than 50 me-
diators, and disruption of normal pathways for interor-
gan and intercellular communication could contribute to 
a loss of physiologic complexity that may be a functional 
cause of multiple organ dysfunction  [124–126] . 

 Nevertheless, it appears that stress hormones interfere 
with the pro-/anti-infl ammatory cytokine balance critical 
for maintaining homeostasis and the outcome during sep-
sis (see text above). Thus, a massive release of stress hor-
mones and histamine triggered by major injury (serious 
traumatic injury, major burns or major surgical proce-
dures), via inhibition of Th1 cytokines and induction of 
a Th2 shift, may contribute to the severe immunosup-
pression and infection complications, and, in some cases 
to sepsis, observed in these conditions  [25, 127–129] . On 
the other hand, in established sepsis, an inappropriate 
low stress hormone release in response to the pro-infl am-
matory reaction would favor the overproduction of in-

fl ammatory mediators at local sites: fi rst, by insuffi cient 
inhibition of pro-infl ammatory cytokine production, and, 
second by insuffi cient induction of anti-infl ammatory cy-
tokines such as IL-10. Most importantly, efferent, infl am-
mation-suppressing output from the CNS, including 
stress hormones, might be rendered insuffi cient to pre-
vent systemic infl ammation in several ways  [25, 126] .  

 The available evidence strongly suggests that there is 
an additional inadequate responsiveness to CNS-derived 
signals, which is caused by peripheral desensitization or 
tachyphylaxis. First, this is manifested by subnormal 
pressor response to NE most likely due to down-regula-
tion of vascular endothelial and smooth muscle cell re-
sponsiveness to CAs. Interestingly, normalization of pres-
sor response by the administration of hydrocortisone may 
refl ect a GC-mediated increase in AR expression and sen-
sitivity to cAMP. Second, the stimulation of cAMP pro-
duction by circulating leukocytes is reduced in septic pa-
tients, which may determine diminution of IL-10 produc-
tion. 

 In this context, the role of GC supplementation in pa-
tients with systemic infl ammation is undergoing a cycli-
cal reassessment stirred by the new understanding of the 
role of GC in modulating infl ammation and immunity 
 [130]  and the positive results of recent randomized stud-
ies  [131] . Dr. G. Umberto Meduri emphasized the role of 
GC inadequacy and/or resistance as an important patho-
physiologic component of a dysregulated protracted sys-
temic infl ammatory response in ARDS. He presented 
evidence that prolonged GC therapy may be useful, not 
as an anti-infl ammatory treatment per se, but as hormon-
al supplementation necessary to compensate for the host’s 
inability to produce appropriately elevated levels of cor-
tisol and/or for the inability of target organs to respond 
to endogenous cortisol. Thus, prolonged methylpredniso-
lone administration in patients with unresolved ARDS 
enhanced GR-mediated activity, and thereby reduced 
NF- � B DNA binding and the consequent transcription 
of pro-infl ammatory cytokines. As a result, patients treat-
ed with methylprednisolone, contrary to controls, had 
progressive and sustained reductions in plasma TNF- � , 
IL-1 �  and IL-6 levels over time and better survival rate. 
These fi ndings provide support for the presence of sys-
temic-infl ammation-induced GC resistance in ARDS, 
underscore the central role played by activated GR �  in 
regulating infl ammation, and justify the pharmacological 
effi cacy of prolonged methylprednisolone treatment in 
unresolved ARDS  [23, 131–134] .  
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   Conclusions 

 During an immune and infl ammatory response, the 
brain and the immune system communicate with each 
other, and this process is essential for maintaining  homeo-
stasis.  Thus, the CNS and the immune system are major 
 adaptive  systems of the body. Infl ammation, and particu-
larly chronic infl ammation of varying types, as a result of 
the failure of these two major adaptive systems to respond 
and resolve it, affect the well-being of the individual, in-
cluding behavioral parameters, such as cognitive ability, 
performance, affect and sleep, as well as indices of meta-
bolic and cardiovascular health that are known to infl u-
ence human life expectancy both in absolute terms and 
adjusted for disability. During immune and infl amma-
tory responses, the activation of the stress system, through 
induction of a Th2 shift, in conjunction with the increase 
in the ‘anti-infl ammatory’ efferent vagus activity in vis-
ceral organs, may actually protect the organism from sys-

temic ‘overshooting’ with type 1/pro-infl ammatory cyto-
kines and other products of activated macrophages with 
tissue-damaging potential  [25, 69, 92, 111, 118] . On the 
other hand, in certain local responses, and under certain 
conditions, stress hormones may actually facilitate in-
fl ammation, through induction of IL-1, IL-6, IL-8, IL-18, 
TNF- �  and CRP production and through activation of 
the CRH/SP-histamine axis. Thus, a dysfunctional neu-
roendocrine-immune interface associated with abnor-
malities in the ‘systemic anti-infl ammatory feedback’ 
and/or ‘hyperactivity’ of the local pro-infl ammatory fac-
tors, may play a role in the pathogenesis of atopic/allergic 
and autoimmune diseases, obesity and depression, and 
their complications, as well as atherosclerosis and infec-
tions (not discussed here  [25, 26, 135–143] ). Clearly, 
these hypotheses require further investigation, but the an-
swers should provide critical insights into mechanisms 
un derlying a variety of common human immune-related 
diseases. 

  



 Cytokines, Infl ammation and Well-Being  Neuroimmunomodulation 2005;12:255–269 267

 25 Elenkov IJ, Chrousos GP: Stress hormones, 
Th1/Th2 patterns, pro/anti-infl ammatory cy-
tokines and susceptibility to disease. Trends 
Endocrinol Metab 1999;   10:   359–368. 

 26 Elenkov IJ, Papanicolaou DA, Wilder RL, 
Chrousos GP: Modulatory effects of glucocor-
ticoids and catecholamines on human interleu-
kin-12 and interleukin-10 production: clinical 
implications. Proc Assoc Am Physicians 1996;  

 108:   374–381. 
 27 Panina-Bordignon P, Mazzeo D, Lucia PD, 

D’Ambrosio D, Lang R, Fabbri L, et al: Beta2-
agonists prevent Th1 development by selective 
inhibition of interleukin 12. J Clin Invest 1997;  

 100:   1513–1519. 
 28 Hasko G, Szabo C, Nemeth ZH, Salzman AL, 

Vizi ES: Stimulation of beta-adrenoceptors in-
hibits endotoxin-induced IL-12 production in 
normal and IL-10 defi cient mice. J Neuroim-
munol 1998;   88:   57–61. 

 29 Blotta MH, DeKruyff RH, Umetsu DT: Corti-
costeroids inhibit IL-12 production in human 
monocytes and enhance their capacity to in-
duce IL-4 synthesis in CD4+ lymphocytes. J 
Immunol 1997;   158:   5589–5595. 

 30 DeKruyff RH, Fang Y, Umetsu DT: Cortico-
steroids enhance the capacity of macrophages 
to induce Th2 cytokine synthesis in CD4+ lym-
phocytes by inhibiting IL-12 production. J Im-
munol 1998;   160:   2231–2237. 

 31 Wu CY, Wang K, McDyer JF, Seder RA: Pros-
taglandin E2 and dexamethasone inhibit IL-12 
receptor expression and IL-12 responsiveness. 
J Immunol 1998;   161:   2723–2730. 

 32 Ramierz F, Fowell DJ, Puklavec M, Simmonds 
S, Mason D: Glucocorticoids promote a TH2 
cytokine response by CD4+ T cells in vitro. J 
Immunol 1996;   156:   2406–2412. 

 33 van der Poll T, Barber AE, Coyle SM, Lowry 
SF: Hypercortisolemia increases plasma inter-
leukin-10 concentrations during human endo-
toxemia – a clinical research center study. J 
Clin Endocrinol Metab 1996;   81:   3604–3606. 

 34 Hetier E, Ayala J, Bousseau A, Prochiantz A: 
Modulation of interleukin-1 and tumor necro-
sis factor expression by beta-adrenergic ago-
nists in mouse ameboid microglial cells. Exp 
Brain Res 1991;   86:   407–413. 

 35 Severn A, Rapson NT, Hunter CA, Liew FY: 
Regulation of tumor necrosis factor produc-
tion by adrenaline and  � -adrenergic agonists. 
J Immunol 1992;   148:   3441–3445. 

 36 Nakamura A, Johns EJ, Imaizumi A, Abe T, 
Kohsaka T: Regulation of tumour necrosis fac-
tor and interleukin-6 gene transcription by 
beta2-adrenoceptor in the rat astrocytes. J 
Neuroimmunol 1998;   88:   144–153. 

 37 Koff WC, Fann AV, Dunegan MA, Lachman 
LB: Catecholamine-induced suppression of in-
terleukin-1 production. Lymphokine Res 
1986;   5:   239–247. 

 38 van der Poll T, Lowry SF: Epinephrine inhibits 
endotoxin-induced IL-1 beta production: roles 
of tumor necrosis factor-alpha and IL-10. Am 
J Physiol 1997;   273:R1885–R1890. 

 39 Sanders VM, Baker RA, Ramer-Quinn DS, 
Kasprowicz DJ, Fuchs BA, Street NE: Differ-
ential expression of the beta2-adrenergic re-
ceptor by Th1 and Th2 clones: implications for 
cytokine production and B cell help. J Immu-
nol 1997;   158:   4200–4210. 

 40 Borger P, Hoekstra Y, Esselink MT, Postma 
DS, Zaagsma J, Vellenga E, et al: Beta-adreno-
ceptor-mediated inhibition of IFN-gamma, IL-
3, and GM-CSF mRNA accumulation in acti-
vated human T lymphocytes is solely mediated 
by the beta2-adrenoceptor subtype. Am J 
Respir Cell Mol Biol 1998;   19:   400–407. 

 41 van der Poll T, Coyle SM, Barbosa K, Braxton 
CC, Lowry SF: Epinephrine inhibits tumor ne-
crosis factor-alpha and potentiates interleukin 
10 production during human endotoxemia. J 
Clin Invest 1996;   97:   713–719. 

 42 Norris JG, Benveniste EN: Interleukin-6 pro-
duction by astrocytes: induction by the neu-
rotransmitter norepinephrine. J Neuroimmu-
nol 1993;   45:   137–145. 

 43 Maimone D, Cioni C, Rosa S, Macchia G, Al-
oisi F, Annunziata P: Norepinephrine and va-
soactive intestinal peptide induce IL-6 secre-
tion by astrocytes: synergism with IL-1 beta 
and TNF alpha. J Neuroimmunol 1993;   47:  

 73–81. 
 44 Hasko G, Kuhel DG, Salzman AL, Szabo C: 

ATP suppression of interleukin-12 and tumour 
necrosis factor-alpha release from macro-
phages. Br J Pharmacol 2000;   129:   909–914. 

 45 Wilkin F, Stordeur P, Goldman M, Boeynaems 
JM, Robaye B: Extracellular adenine nucleo-
tides modulate cytokine production by human 
monocyte-derived dendritic cells: dual effect 
on IL-12 and stimulation of IL-10. Eur J Im-
munol 2002;   32:   2409–2417. 

 46 la Sala A, Ferrari D, Corinti S, Cavani A, Di 
Virgilio F, Girolomoni G: Extracellular ATP 
induces a distorted maturation of dendritic 
cells and inhibits their capacity to initiate Th1 
responses. J Immunol 2001;   166:   1611–1617. 

 47 Perregaux DG, McNiff P, Laliberte R, Conk-
lyn M, Gabel CA: ATP acts as an agonist to 
promote stimulus-induced secretion of IL-1 
beta and IL-18 in human blood. J Immunol 
2000;   165:   4615–4623. 

 48 Chakfe Y, Seguin R, Antel JP, Morissette C, 
Malo D, Henderson D, et al: ADP and AMP 
induce interleukin-1beta release from micro-
glial cells through activation of ATP-primed 
P2X7 receptor channels. J Neurosci 2002;   22:  

 3061–3069. 
 49 Cronstein BN, Naime D, Ostad E: The antiin-

fl ammatory mechanism of methotrexate. In-
creased adenosine release at infl amed sites di-
minishes leukocyte accumulation in an in vivo 
model of infl ammation. J Clin Invest 1993;   92:  

 2675–2682. 
 50 Cronstein BN, Rosenstein ED, Kramer SB, 

Weissmann G, Hirschhorn R: Adenosine; a 
physiologic modulator of superoxide anion 
generation by human neutrophils. Adenosine 
acts via an A2 receptor on human neutrophils. 
J Immunol 1985;   135:   1366–1371. 

 51 Lappin D, Riches DW, Damerau B, Whaley K: 
Cyclic nucleotides and their relationship to 
complement-component-C2 synthesis by hu-
man monocytes. Biochem J 1984;   222:   477–
486. 

 52 Link AA, Kino T, Worth JA, McGuire JL, 
Crane ML, Chrousos GP, et al: Ligand-activa-
tion of the adenosine A2a receptors inhibits 
IL-12 production by human monocytes. J Im-
munol 2000;   164:   436–442. 

 53 Prabhakar U, Brooks DP, Lipshlitz D, Esser 
KM: Inhibition of LPS-induced TNF alpha 
production in human monocytes by adenosine 
(A2) receptor selective agonists. Int J Immuno-
pharmacol 1995;   17:   221–224. 

 54 Le Moine O, Stordeur P, Schandene L, Mar-
chant A, de Groote D, Goldman M, et al: Ad-
enosine enhances IL-10 secretion by human 
monocytes. J Immunol 1996;   156:   4408–4414. 

 55 Hasko G, Szabo C, Nemeth ZH, Kvetan V, 
Pastores SM, Vizi ES: Adenosine receptor ago-
nists differentially regulate IL-10, TNF-alpha, 
and nitric oxide production in RAW 264.7 
macrophages and in endotoxemic mice. J Im-
munol 1996;   157:   4634–4640. 

 56 Falus A, Meretey K: Histamine: an early mes-
senger in infl ammatory and immune reactions. 
Immunol Today 1992;   13:   154–156. 

 57 Vannier E, Miller LC, Dinarello CA: Hista-
mine suppresses gene expression and synthesis 
of tumor necrosis factor alpha via histamine 
H2 receptors. J Exp Med 1991;   174:   281–284. 

 58 Vannier E, Dinarello CA: Histamine enhances 
interleukin (IL)-1-induced IL-6 gene expres-
sion and protein synthesis via H2 receptors in 
peripheral blood mononuclear cells. J Biol 
Chem 1994;   269:   9952–9956. 

 59 Elenkov IJ, Webster E, Papanicolaou DA, 
Fleisher TA, Chrousos GP, Wilder RL: Hista-
mine potently suppresses human IL-12 and 
stimulates IL-10 production via H2 receptors. 
J Immunol 1998;   161:   2586–2593. 

 60 Idzko M, la Sala A, Ferrari D, Panther E, Her-
ouy Y, Dichmann S, et al: Expression and func-
tion of histamine receptors in human mono-
cyte-derived dendritic cells. J Allergy Clin 
Immunol 2002;   109:   839 –846. 

 61 Lagier B, Lebel B, Bousquet J, Pene J: Differ-
ent modulation by histamine of IL-4 and inter-
feron-gamma (IFN- � ) release according to the 
phenotype of human Th0, Th1 and Th2 clones. 
Clin Exp Immunol 1997;   108:   545–551. 

 62 Lotz M, Vaughan JH, Carson DA: Effect of 
neuropeptides on production of infl ammatory 
cytokines by human monocytes. Science 1988;  

 241:   1218–1221. 
 63 Kincy-Cain T, Bost KL: Substance P-induced 

IL-12 production by murine macrophages. J 
Immunol 1997;   158:   2334–2339. 

 64 Ho WZ, Stavropoulos G, Lai JP, Hu BF, Maga-
fa V, Anagnostides S, et al: Substance P C-ter-
minal octapeptide analogues augment tumor 
necrosis factor-alpha release by human blood 
monocytes and macrophages. J Neuroimmu-
nol 1998;   82:   126–132. 



 Elenkov  /Iezzoni  /Daly  /Harris  /Chrousos  

 

 Neuroimmunomodulation 2005;12:255–269 268

 65 Fox FE, Kubin M, Cassin M, Niu Z, Hosoi J, 
Torii H, et al: Calcitonin gene-related peptide 
inhibits proliferation and antigen presentation 
by human peripheral blood mononuclear cells: 
effects on B7, interleukin 10, and interleukin 
12. J Invest Dermatol 1997;   108:   43–48. 

 66 Liu J, Chen M, Wang X: Calcitonin gene-re-
lated peptide inhibits lipopolysaccharide-in-
duced interleukin-12 release from mouse peri-
toneal macrophages, mediated by the cAMP 
pathway. Immunology 2000;   101:   61–67. 

 67 Ganea D, Delgado M: Inhibitory neuropeptide 
receptors on macrophages. Microbes Infect 
2001;   3:   141–147. 

 68 Borovikova LV, Ivanova S, Zhang M, Yang H, 
Botchkina GI, Watkins LR, et al: Vagus nerve 
stimulation attenuates the systemic infl amma-
tory response to endotoxin. Nature 2000;   405:  

 458–462. 
 69 Tracey KJ: The infl ammatory refl ex. Nature 

2002;   420:   853–859. 
 70 Bentley AM, Hamid Q, Robinson DS, Schot-

man E, Meng Q, Assoufi  B, et al: Prednisolone 
treatment in asthma. Reduction in the num-
bers of eosinophils, T cells, tryptase-only posi-
tive mast cells, and modulation of IL-4, IL-5, 
and interferon-gamma cytokine gene expres-
sion within the bronchial mucosa. Am J Respir 
Crit Care Med 1996;   153:   551–556. 

 71 Bradding P, Feather IH, Wilson S, Holgate ST, 
Howarth PH: Cytokine immunoreactivity in 
seasonal rhinitis: regulation by a topical corti-
costeroid. Am J Respir Crit Care Med 1995;  

 151:   1900–1906. 
 72 Batuman OA, Ferrero A, Cupp C, Jimenez SA, 

Khalili K: Differential regulation of transform-
ing growth factor beta-1 gene expression by glu-
cocorticoids in human T and glial cells. J Im-
munol 1995;   155:   4397–4405. 

 73 Broug-Holub E, Kraal G: Dose- and time-de-
pendent activation of rat alveolar macrophages 
by glucocorticoids. Clin Exp Immunol 1996;  

 104:   332–336. 
 74 Spengler RN, Allen RM, Remick DG, Strieter 

RM, Kunkel SL: Stimulation of  � -adrenergic 
receptor augments the production of macro-
phage-derived tumor necrosis factor. J Immu-
nol 1990;   145:   1430–1434. 

 75 Le Tulzo Y, Shenkar R, Kaneko D, Moine P, 
Fantuzzi G, Dinarello CA, et al: Hemorrhage 
increases cytokine expression in lung mono-
nuclear cells in mice: involvement of catechol-
amines in nuclear factor- � B regulation and cy-
tokine expression. J Clin Invest 1997;   99:  

 1516–1524. 
 76 Broug-Holub E, Persoons JH, Schornagel K, 

Mastbergen SC, Kraal G: Effects of stress on 
alveolar macrophages: a role for the sympa-
thetic nervous system. Am J Respir Cell Mol 
Biol 1998;   19:   842–848. 

 77 Kavelaars A, van de Pol M, Zijlstra J, Heijnen 
CJ: Beta 2-adrenergic activation enhances in-
terleukin-8 production by human monocytes. 
J Neuroimmunol 1997;   77:   211–216. 

 78 Linden A: Increased interleukin-8 release by 
beta-adrenoceptor activation in human trans-
formed bronchial epithelial cells. Br J Pharma-
col 1996;   119:   402–406. 

 79 Engstad CS, Lund T, Osterud B: Epinephrine 
promotes IL-8 production in human leuko-
cytes via an effect on platelets. Thromb Hae-
most 1999;   81:   139–145. 

 80 Kaplanski G, Porat R, Aiura K, Erban JK, Gel-
fand JA, Dinarello CA: Activated platelets in-
duce endothelial secretion of interleukin-8 in 
vitro via an interleukin-1-mediated event. 
Blood 1993;   81:   2492–2495. 

 81 Mohamed-Ali V, Flower L, Sethi J, Hotamis-
ligil G, Gray R, Humphries SE, et al: Beta-ad-
renergic regulation of IL-6 release from adi-
pose tissue: in vivo and in vitro studies. J Clin 
Endocrinol Metab 2001;   86:   5864–5869. 

 82 Vicennati V, Vottero A, Friedman C, Papani-
colaou DA: Hormonal regulation of interleu-
kin-6 production in human adipocytes. Int J 
Obes Relat Metab Disord 2002;   26:   905–911. 

 83 Baumann H, Gauldie J: The acute phase re-
sponse. Immunol Today 1994;   15:   74–80. 

 84 Li Y, Chi L, Stechschulte DJ, Dileepan KN: 
Histamine-induced production of interleukin-
6 and interleukin-8 by human coronary artery 
endothelial cells is enhanced by endotoxin and 
tumor necrosis factor-alpha. Microvasc Res 
2001;   61:   253–262. 

 85 Murray DR, Prabhu SD, Chandrasekar B: 
Chronic beta-adrenergic stimulation induces 
myocardial proinfl ammatory cytokine expres-
sion. Circulation 2000;   101:   2338–2341. 

 86 Karalis K, Sano H, Redwine J, Listwak S, 
Wilder RL, Chrousos GP: Autocrine or para-
crine infl ammatory actions of corticotropin-re-
leasing hormone in vivo. Science 1991;   254:  

 421–423. 
 87 Elenkov IJ, Webster EL, Torpy DJ, Chrousos 

GP: Stress, corticotropin-releasing hormone, 
glucocorticoids, and the immune/infl amma-
tory response: acute and chronic effects. Ann 
NY Acad Sci 1999;   876:   1–11. 

 88 Theoharides TC, Singh LK, Boucher W, Pang 
X, Letourneau R, Webster E, et al: Corticotro-
pin-releasing hormone induces skin mast cell 
degranulation and increased vascular perme-
ability, a possible explanation for its proin-
fl ammatory effects. Endocrinology 1998;   139:  

 403–413. 
 89 Foreman JC: Substance P and calcitonin gene-

related peptide: effects on mast cells and in hu-
man skin. Int Arch Allergy Appl Immunol 
1987;   82:   366–371. 

 90 Church MK, Lowman MA, Robinson C, Hol-
gate ST, Benyon RC: Interaction of neuropep-
tides with human mast cells. Int Arch Allergy 
Appl Immunol 1989;   88:   70–78. 

 91 Theoharides TC, Spanos C, Pang X, Alferes L, 
Ligris K, Letourneau R, et al: Stress-induced 
intracranial mast cell degranulation: a cortico-
tropin-releasing hormone-mediated effect. En-
docrinology 1995;   136:   5745–5750. 

 92 Chrousos GP: The hypothalamic-pituitary-ad-
renal axis and immune-mediated infl amma-
tion (see comments). N Engl J Med 1995;   332:  

 1351–1362. 
 93 Chrousos GP: Stressors, stress, and neuroen-

docrine integration of the adaptive response. 
The 1997 Hans Selye Memorial Lecture. Ann 
NY Acad Sci 1998;   851:   311–335. 

 94 Clauw DJ, Chrousos GP: Chronic pain and 
fatigue syndromes: overlapping clinical and 
neuroendocrine features and potential patho-
genic mechanisms. Neuroimmunomodula-
tion 1997;   4:   134–153. 

 95 Papanicolaou DA, Wilder RL, Manolagas 
SC, Chrousos GP: The pathophysiologic roles 
of interleukin-6 in human disease. Ann Intern 
Med 1998;   128:   127–137. 

 96 Crofford LJ, Kalogeras KT, Mastorakos G, 
Magiakou MA, Wells J, Kanik KS, et al: Cir-
cadian relationships between interleukin 
(IL)-6 and hypothalamic-pituitary-adrenal 
axis hormones: failure of IL-6 to cause sus-
tained hypercortisolism in patients with early 
untreated rheumatoid arthritis. J Clin Endo-
crinol Metab 1997;   82:   1279–1283. 

 97 Vgontzas AN, Papanicolaou DA, Bixler EO, 
Lotsikas A, Zachman K, Kales A, et al: Cir-
cadian interleukin-6 secretion and quantity 
and depth of sleep. J Clin Endocrinol Metab 
1999;   84:   2603–2607. 

 98 Vgontzas AN, Papanicolaou DA, Bixler EO, 
Hopper K, Lotsikas A, Lin HM, et al: Sleep 
apnea and daytime sleepiness and fatigue: re-
lation to visceral obesity, insulin resistance, 
and hypercytokinemia. J Clin Endocrinol 
Metab 2000;   85:   1151–1158. 

 99 Vgontzas AN, Zoumakis M, Papanicolaou 
DA, Bixler EO, Prolo P, Lin HM, et al: Chron-
ic insomnia is associated with a shift of inter-
leukin-6 and tumor necrosis factor secretion 
from nighttime to daytime. Metabolism 
2002;   51:   887–892. 

 100 Vgontzas AN, Papanicolaou DA, Bixler EO, 
Kales A, Tyson K, Chrousos GP: Elevation of 
plasma cytokines in disorders of excessive 
daytime sleepiness: role of sleep disturbance 
and obesity. J Clin Endocrinol Metab 1997;  

 82:   1313–1316. 
 101 Marshall GD Jr, Agarwal SK: Stress, immune 

regulation, and immunity: applications for 
asthma. Allergy Asthma Proc 2000;   21:   241–
246. 

 102 von Hertzen LC: Maternal stress and T-cell 
differentiation of the developing immune sys-
tem: possible implications for the develop-
ment of asthma and atopy. J Allergy Clin Im-
munol 2002;   109:   923–928. 

 103 Barnes P, FitzGerald G, Brown M, Dollery C: 
Nocturnal asthma and changes in circulating 
epinephrine, histamine, and cortisol. N Engl 
J Med 1980;   303:   263–267. 

 104 Panina-Bordignon P, Mazzeo D, Lucia PD, 
D’Ambrosio D, Lang R, Fabbri L, et al:  �  2 -
Agonists prevent Th1 development by selec-
tive inhibition of interleukin 12. J Clin Invest 
1997;   100:   1513–1519. 

 105 Zieg G, Lack G, Harbeck RJ, Gelfand EW, 
Leung DY: In vivo effects of glucocorticoids 
on IgE production (see comments). J Allergy 
Clin Immunol 1994;   94:   222–230. 

 106 Coqueret O, Lagente V, Frere CP, Braquet P, 
Mencia-Huerta JM: Regulation of IgE pro-
duction by beta 2-adrenoceptor agonists. Ann 
NY Acad Sci 1994;   725:   44–49. 



 Cytokines, Infl ammation and Well-Being  Neuroimmunomodulation 2005;12:255–269 269

 107 Sternberg EM: Neuroendocrine regulation of 
autoimmune/infl ammatory disease. J Endo-
crinol 2001;   169:   429–435. 

 108 Elenkov IJ, Chrousos GP: Stress hormones, 
proinfl ammatory and antiinfl ammatory cyto-
kines, and autoimmunity. Ann NY Acad Sci 
2002;   966:   290–303. 

 109 Sternberg EM, Young WS, Bernardini R, Ca-
logero AE, Chrousos GP, Gold PW, et al: A 
central nervous system defect in biosynthesis 
of corticotropin-releasing hormone is associ-
ated with susceptibility to streptococcal cell 
wall-induced arthritis in Lewis rats. Proc Natl 
Acad Sci USA 1989;   86:   4771–4775. 

 110 Sternberg EM, Hill JM, Chrousos GP, Kami-
laris T, Listwak SJ, Gold PW, et al: Infl am-
matory mediator-induced hypothalamic-pi-
tuitary-adrenal axis activation is defective in 
streptococcal cell wall arthritis-susceptible 
Lewis rats. Proc Natl Acad Sci USA 1989;   86:  

 2374–2378. 
 111 Wilder RL: Neuroendocrine-immune system 

interactions and autoimmunity. Annu Rev 
Immunol 1995;   13:   307–338. 

 112 Wilder RL, Elenkov IJ: Hormonal regulation 
of tumor necrosis factor-alpha, interleukin-12 
and interleukin-10 production by activated 
macrophages. A disease-modifying mecha-
nism in rheumatoid arthritis and systemic lu-
pus erythematosus? Ann NY Acad Sci 1999;  

 876:   14–31. 
 113 Straub RH, Cutolo M: Involvement of the hy-

pothalamic-pituitary-adrenal/gonadal axis 
and the peripheral nervous system in rheuma-
toid arthritis: viewpoint based on a systemic 
pathogenetic role. Arthritis Rheum 2001;   44:  

 493–507. 
 114 Karaszewski JW, Reder AT, Maselli R, 

Brown M, Arnason BG: Sympathetic skin re-
sponses are decreased and lymphocyte beta-
adrenergic receptors are increased in progres-
sive multiple sclerosis. Ann Neurol 1990;   27:  

 366–372. 
 115 Arnason BG, Brown M, Maselli R, Karas-

zewski J, Reder A: Blood lymphocyte beta-
adrenergic receptors in multiple sclerosis. 
Ann NY Acad Sci 1988;   540:   585–588. 

 116 Karaszewski JW, Reder AT, Anlar B, Arna-
son GW: Increased high affi nity beta-adren-
ergic receptor densities and cyclic AMP re-
sponses of CD8 cells in multiple sclerosis. J 
Neuroimmunol 1993;   43:   1–7. 

 117 Arnason BG, Noronha AB, Reder AT: Im-
munoregulation in rapidly progressive mul-
tiple sclerosis. Ann NY Acad Sci 1988;   540:  

 4–12. 
 118 Elenkov IJ, Wilder RL, Chrousos GP, Vizi 

ES: The sympathetic nerve – an integrative 
interface between two supersystems: the 
brain and the immune system. Pharmacol 
Rev 2000;   52:   595–638. 

 119 Miller LE, Justen HP, Scholmerich J, Straub 
RH: The loss of sympathetic nerve fi bers in 
the synovial tissue of patients with rheuma-
toid arthritis is accompanied by increased 
norepinephrine release from synovial macro-
phages. FASEB J 2000;   14:   2097–2107. 

 120 Elenkov IJ, Wilder RL, Bakalov VK, Link 
AA, Dimitrov MA, Fisher S, et al: IL-12, 
TNF-alpha, and hormonal changes during 
late pregnancy and early postpartum: impli-
cations for autoimmune disease activity dur-
ing these times. J Clin Endocrinol Metab 
2001;   86:   4933–4938. 

 121 Wong ML, Kling MA, Munson PJ, Listwak 
S, Licinio J, Prolo P, et al: Pronounced and 
sustained central hypernoradrenergic func-
tion in major depression with melancholic 
features: relation to hypercortisolism and cor-
ticotropin-releasing hormone. Proc Natl 
Acad Sci USA 2000;   97:   325–330. 

 122 Gold PW, Chrousos GP: The endocrinology 
of melancholic and atypical depression: rela-
tion to neurocircuitry and somatic conse-
quences. Proc Assoc Am Physicians 1999;  

 111:   22–34. 
 123 Gold PW, Chrousos GP: Organization of the 

stress system and its dysregulation in melan-
cholic and atypical depression: high vs. low 
CRH/NE states. Mol Psychiatry 2002;   7:   254–
275. 

 124 Jarek MJ, Legare EJ, McDermott MT, Me-
renich JA, Kollef MH: Endocrine profi les for 
outcome prediction from the intensive care 
unit. Crit Care Med 1993;   21:   543–550. 

 125 Rothwell PM, Lawler PG: Prediction of out-
come in intensive care patients using endo-
crine parameters (see comments). Crit Care 
Med 1995;   23:   78–83. 

 126 Munford RS, Tracey KJ: Is severe sepsis a 
neuroendocrine disease? Mol Med 2002;   8:  

 437–442. 
 127 O’Sullivan ST, Lederer JA, Horgan AF, Chin 

DH, Mannick JA, Rodrick ML: Major injury 
leads to predominance of the T helper-2 lym-
phocyte phenotype and diminished interleu-
kin-12 production associated with decreased 
resistance to infection (see comments). Ann 
Surg 1995;   222:   482–490. 

 128 Brune IB, Wilke W, Hensler T, Holzmann B, 
Siewert JR: Downregulation of T helper type 
1 immune response and altered pro-infl am-
matory and anti-infl ammatory T cell cyto-
kine balance following conventional but not 
laparoscopic surgery. Am J Surg 1999;   177:  

 55–60. 
 129 Woiciechowsky C, Asadullah K, Nestler D, 

Eberhardt B, Platzer C, Schoning B, et al: 
Sympathetic activation triggers systemic in-
terleukin-10 release in immunodepression in-
duced by brain injury (in process citation). 
Nat Med 1998;   4:   808–813. 

 130 Franchimont D, Kino T, Galon J, Meduri 
GU, Chrousos G: Glucocorticoids and in-
fl ammation revisited: the state of the art. NIH 
Clinical Staff Conference. Neuroimmuno-
modulation 2003;   10:   247–260. 

 131 Minneci PC, Deans KJ, Banks SM, Eichacker 
PQ, Natanson C. Meta-analysis: the effect of 
steroids on survival and shock during sepsis 
depends on the dose. Ann Intern Med 2004;  

 141:   47–56. 

 132 Meduri GU, Chrousos GP: Duration of glu-
cocorticoid treatment and outcome in sepsis: 
is the right drug used the wrong way? Chest 
1998;   114:   355–360. 

 133 Meduri GU, Kanangat S: Glucocorticoid 
treatment of sepsis and acute respiratory dis-
tress syndrome: time for a critical reappraisal. 
Crit Care Med 1998;   26:   630–633. 

 134 Meduri GU: New rationale for glucocorticoid 
treatment in septic shock. J Chemother 1999;  

 11:   541–550. 
 135 Altare F, Durandy A, Lammas D, Emile JF, 

Lamhamedi S, Le Deist F, et al: Impairment 
of mycobacterial immunity in human inter-
leukin-12 receptor defi ciency. Science 1998;  

 280:   1432–1435. 
 136 Lerner BH: Can stress cause disease? Revisit-

ing the tuberculosis research of Thomas Hol-
mes, 1949–1961. Ann Intern Med 1996;   124:  

 673–680. 
 137 Levenstein S, Ackerman S, Kiecolt-Glaser 

JK, Dubois A: Stress and peptic ulcer disease. 
JAMA 1999;   281:   10–11. 

 138 Cohen S, Tyrrell DA, Smith AP: Psychologi-
cal stress and susceptibility to the common 
cold (see comments). N Engl J Med 1991;   325:  

 606–612. 
 139 Cole SW, Korin YD, Fahey JL, Zack JA: Nor-

epinephrine accelerates HIV replication via 
protein kinase A-dependent effects on cyto-
kine production. J Immunol 1998;   161:   610–
616. 

 140 Cole SW, Naliboff BD, Kemeny ME, Gris-
wold MP, Fahey JL, Zack JA: Impaired re-
sponse to HAART in HIV-infected individu-
als with high autonomic nervous system 
activity. Proc Natl Acad Sci USA 2001;   98:  

 12695–12700. 
 141 Kino T, Gragerov A, Kopp JB, Stauber RH, 

Pavlakis GN, Chrousos GP: The HIV-1 vi-
rion-associated protein vpr is a coactivator of 
the human glucocorticoid receptor (in process 
citation). J Exp Med 1999;   189:   51–62. 

 142 Mirani M, Elenkov I, Volpi S, Hiroi N, 
Chrousos GP, Kino T: HIV-1 protein Vpr 
suppresses IL-12 production from human 
monocytes by enhancing glucocorticoid ac-
tion: potential implications of Vpr coactiva-
tor activity for the innate and cellular immu-
nity defi cits observed in HIV-1 infection. J 
Immunol 2002;   169:   6361–6368. 

 143 Rook GA, Lightman SL, Heijnen CJ: Can 
nerve damage disrupt neuroendocrine im-
mune homeostasis? Leprosy as a case in 
point. Trends Immunol 2002;   23:   18–22. 

 144 Black PH: Stress and the infl ammatory re-
sponse: a review of neurogenic infl ammation. 
Brain Behav Immun 2002;   16:   622–653. 

 145 Black PH, Garbutt LD: Stress, infl ammation 
and cardiovascular disease. J Psychosom Res 
2002;   52:   1–23. 

 146 Elenkov IJ: Neuroendocrine effects on im-
mune system; in DeGroot L, Chrousos GP 
(eds): www.endotext.com/ (online Endocrine 
Source). 2003. 

  


