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There has been longstanding recognition that life stress in its myriad forms can influence health
and the development of disease. However, the mechanisms of these effects of stress, especially
in humans, have remained somewhat elusive, and, although rarely articulated, lie at the core
of our understanding of how neuroendocrine and immune pathways interact during stress to
ultimately contribute to disease. One clue that has received increasing attention is the notion
that chronic stress is associated with activation of innate immune, inflammatory responses.
Indeed, stress-induced activation of innate immune responses and inflammatory signaling
pathways is posited to be an important link between stress and illness, especially given that
inflammation is increasingly recognized as a common mechanism of disease in a number of
disorders, including cardiovascular disease, diabetes, and cancer (1,2). Glucocorticoids, the
end product of activation of stress-induced neuroendocrine pathways and the hypothalamic-
pituitary-adrenal (HPA) axis, are some of the most potent anti-inflammatory hormones in the
body and thus serve to restrain innate immune responses during infection and other forms of
immune activation (3). Nevertheless, much has been written regarding the potentially
damaging effects of excessive glucocorticoids in the context of chronic stress (4), thus
presenting a conundrum regarding the potential role of inflammation versus glucocorticoids
as purveyors of pathology in the contributions of life stress to disease development and
progression. Although some investigators have suggested that glucocorticoids may be pro-
inflammatory under some circumstances and in some tissues (e.g. the brain) (5), it seems
unlikely that an inflammatory response can prevail in an environment in which glucocorticoid
signaling is intact (or even excessive).

Some critical insights into the relative balance between glucocorticoids and the inflammatory
response during chronic stress are provided in the study by Miller et al., which appears in the
current issue of Biological Psychiatry. Using genome wide microarrays and promoter-based
bioinformatics techniques, the expression of transcripts bearing response elements for
glucocorticoids and nuclear factor kappa B (NF-kB), a lynchpin in the inflammatory response,
were examined in peripheral blood monocytes isolated from a small sample of individuals
experiencing the stress of caring for a family member suffering from brain cancer (n=11).
Results were compared to an age, sex and race-matched control group with no major life
stressors over the preceding year (n=10). Monocytes were chosen for analysis because they
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are a critical immune cell type responsible for initiation of innate immune responses to
pathogens in large part through activation of pattern recognition receptors, called toll-like
receptors (TLRs), which are linked to inflammatory signaling molecules including NF-kB. In
addition, assessments were made of peripheral blood biomarkers of inflammation including c-
reactive protein (CRP), interleukin (IL)-6, and IL-1 receptor antagonist (IL-1ra) as well as
measures of salivary cortisol production as determined immediately upon awakening and
across the diurnal cycle over a 3 day period. Interestingly, chronic caregiving stress was
associated with a significant downregulation of genes expressing one or more glucocorticoid
response elements and an upregulation in genes expressing response elements for NF-kB.
Results for selected genes were confirmed using real time RT-PCR. Moreover, evaluation of
gene expression for surface markers differentiating resident versus activated monocytes
revealed no differences in the relative populations of these cells between caregivers and
controls. Consistent with the increased expression of genes bearing NF-kB response elements,
caregivers also exhibited increased serum concentrations of IL-1ra as well as CRP, whose mean
concentration in caregivers fell into the high risk (high inflammation) category for the
development of cardiovascular disease according to the guidelines of the American Heart
Association and the Centers for Disease Control and Prevention (i.e. CRP>3 mg/L) (6). Of
note, salivary cortisol output and glucocorticoid receptor (GR) mRNA were no different
between the groups. The authors acknowledge that the sample size was small, and the mRNA
examined was exclusively derived from a small subset of mononuclear cells of immune origin.
Therefore, generalization of these results to other populations of individuals experiencing
significant life stress or other cell types or tissues in the body (including the brain) remains to
be determined. Nevertheless, the results provide intriguing data to support the notion that at
least at the level of the immune system and more specifically peripheral blood monocytes,
chronic stress is associated with decreased glucocorticoid signaling coupled with an increase
in activity in inflammatory signaling pathways, which in turn were associated with increases
in peripheral inflammatory markers of a sufficient degree to pose significant disease risk.

There is a rich literature detailing protein-protein interactions between the GR and NF-kB.
Indeed, in addition to glucocorticoid induction of Inhibitor of kappa B (IkB) (which stabilizes
NF-kB in the cytosol, thereby preventing its nuclear translocation), nuclear GR-NF-kB protein-
protein interactions are believed to play a primary role in the capacity of glucocorticoids to
inhibit NF-kB DNA binding and thus inflammatory responses (3). The relative presence of
increased expression of transcripts bearing response elements for NF-kB coupled with the
decrease in expression of transcripts bearing response elements for the GR in the absence of
decreased GR mRNA expression or cortisol output in the Miller et al. study, suggest that there
is a disruption of GR function leading to reduced glucocorticoid sensitivity of monocytes and
thus increased NF-kB gene expression.

Glucocorticoid resistance in the context of stress has been previously described in mice
subjected to social disruption and may provide further insights into the mechanisms of the
blunted glucocorticoid and increased NF-kB signaling found in stressed cancer caregivers.
Monocytes isolated from the spleen of mice repeatedly exposed to an aggressive, intruder
mouse have been found to exhibit decreased sensitivity to glucocorticoids in vitro that is
associated with an exaggerated pulmonary immune response to influenza infection, which
leads to increased mortality (7). Glucocorticoid resistance in splenic monocytes from mice
exposed to social disruption has been shown to be a function of decreased GR translocation
from cytoplasm to nucleus with associated decreased inhibition of NF-kB (8). Moreover, social
disruption is accompanied by increased monocyte bactericidal activity; an effect that is
mediated in part by increased expression of TLRs, which as noted above, are intimately linked
to activation of NF-kB (9). Splenic monocytes from IL-1 knock out mice subjected to social
disruption fail to exhibit changes in glucocorticoid sensitivity, suggesting that IL-1 plays a
central role in reduced GR sensitivity and function (10). Interestingly, in vitro studies also have
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shown that IL-1 as well as other innate immune cytokines can disrupt GR nuclear translocation
and DNA binding, an effect that is mediated by activation of cytokine signaling pathways
including p38 mitogen activated protein kinase (11). Cytokines have also been shown to induce
GR beta, an inert isoform of the GR (11). Taken together, these data suggest that the increased
NF-kB activity in stressed caregivers observed by Miller et al. may be a combination of both
upregulation of relevant TLR- linked NF-kB signaling pathways as well as altered GR
translocation, GR-DNA binding and/or GR beta expression, possibly secondary to interactions
between the GR and innate immune signaling pathways. Of note, glucocorticoid resistance in
asthma, a major clinical challenge, is also believed to result in part from cytokine effects on
GR.

In the context of this discourse, it is convenient to speculate that during chronic stress in humans
the balance of neuroendocrine and immune forces that contribute to pathology are tipped in
favor of increased inflammation and decreased glucocorticoid signaling (Figure 1). Consistent
with this notion is the glucocorticoid resistance seen in stress-related disorders including
depression, where nonsuppression of HPA axis function following administration of
dexamethasone is believed to contribute to hypersecretion of corticotropin releasing hormone
(11). Nevertheless, it should be noted that in socially stressed mice, only monocytes from the
spleen exhibited glucocorticoid resistance, whereas monocytes from other tissues remained
unaffected (12). Thus glucocorticoid resistance may be a cell or tissue specific phenomenon,
leaving other tissues vulnerable to the consequences of glucocorticoid excess. Moreover,
although subjects in the Miller et al. study were chronically stressed, it is not clear that these
individuals were suffering from any major psychiatric disorders. Transition from chronic stress
to frank psychiatric disease may be triggered by failures in adaptation that usher in
vulnerabilities to multiple neuroendocrine and immune pathologies. Future studies are clearly
warranted to further wrestle with the relative contribution of glucocorticoid and inflammatory
signaling to disease development and progression in both psychiatric and other disorders.
Indeed, it is conceivable that neuroendocrine and immune contributions to disease may differ
among patients, thus highlighting the need for individualized treatments. Nevertheless, the
treatment ramifications are not trivial, given that antagonizing glucocorticoid receptors for
example, may exacerbate inflammatory contributions to disease. Alternatively, broader
spectrum approaches addressing both neuroendocrine and immune components may be
indicated.
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Figure 1. Tipping the Balance Toward NF-kB Signaling and Inflammation During Chronic Stress
Increased inflammatory [nuclear factor kappa B (NFkB)] signaling during chronic stress may
be a function of increased expression of NF-kB-linked toll-like receptors (TLRs) and/or
increased production of innate immune cytokines associated with a decrease in glucocorticoid
signaling secondary to decreased glucocorticoid receptor (GR) translocation, GR protein-
protein interactions with other inflammatory signaling molecules or increased expression of
the inert GR isoform, GR beta.
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