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Abstract

Data suggest that the activation of immune responses and the release of inflammatory cytokines
may play a role in the pathophysiology of major depression. One mechanism by which cytokines
may contribute to depression is through their effects on the glucocorticoid receptor (GR). Altered
GR function in depression has been demonstrated by neuroendocrine challenge tests that reliably
reveal reduced GR sensitivity as manifested by nonsuppression of cortisol following
dexamethasone administration /7 vivo and lack of immune suppression following administration
of glucocorticoids /n vitro. Relevant to the GR, cytokines have been shown to decrease GR
expression, block translocation of the GR from cytoplasm to nucleus, and disrupt GR-DNA
binding through nuclear protein-protein interactions. In addition, cytokines have been shown to
increase the expression of the relatively inert GR beta isoform. Specific cytokine signaling
molecules that have been shown to be involved in the disruption of GR activity include p38
mitogen-activated protein kinase, which is associated with reduced GR translocation, and signal
transducer and activator of transcription (STAT)5, which binds to GR in the nucleus. Nuclear
factor-xB (NF-xB) also has been shown to lead to GR suppression through mutually inhibitory
GR-NF-xB nuclear interactions. Interestingly, several antidepressants have been shown to
enhance GR function, as has activation of protein kinase A (PKA). Antidepressants and PKA
activation have also been found to inhibit inflammatory cytokines and their signaling pathways,
suggesting that drugs that target both inflammatory responses and the GR may have special
efficacy in the treatment of depression.
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Introduction

There has been increasing appreciation for the potential role of inflammation in the
pathophysiology of a number of disorders, including cardiovascular disease, diabetes, and
cancer. Indeed, in all of these diseases, inflammatory markers have been found to predict
disease development and outcome, and in each case, the mechanisms by which
inflammation contributes to pathology have been elaborated.1=3 For example, inflammatory
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processes have been shown to play a central role in arterial plaque formation, thereby
contributing to cardiovascular disease.* In diabetes, inflammatory signaling pathways have
been shown to antagonize signaling through the insulin receptor.5 In cancer, there is
increasing data to indicate that activation of nuclear factor-xB (NF-xB), as well as other
inflammatory mediators, plays an important role in neoplastic transformation and
chemotherapy resistance.3

Given the recognition that inflammation may serve as a common mechanism for many
illnesses, there has been growing interest in the notion that inflammation and activation of
the innate immune response may play a role in neuropsychiatric disorders, including major
depression. Patients with major depression have been found to exhibit increased biomarkers
of inflammation in both the peripheral blood and cerebrospinal fluid (CSF).6 However,
major depression is a disorder that is characterized by hyperactivity of the hypothalamic-
pituitary-adrenal (HPA) axis and increased release of glucocorticoids, which are some of the
most potent anti-inflammatory hormones in the body.” Nevertheless, closer scrutiny
reveals that in many depressed patients there is evidence of glucocorticoid resistance as
manifested, for example, by dexamethasone (DEX) nonsuppression.’”8 Thus, although
glucocorticoids (i.e., cortisol) may be elevated in patients with major depression, they
appear to fail to inhibit inflammatory responses by virtue of insufficient glucocorticoid
signaling.19 Mounting data indicate that insufficient glucocorticoid signaling in major
depression and potentially other clinical disorders may be a consequence of the impact of
innate immune cytokines on the receptors for glucocorticoid hormones.1! These effects of
innate immune cytokines on glucocorticoid receptors (GRs) may represent a contributing
pathophysiologic pathway to the development of major depression and are the topic of this
review.

Inflammation and Major Depression

There are many reasons to believe that the activation of innate immune inflammatory
responses may play a role in the pathophysiology of major depression. As noted above,
patients with major depression have been found to exhibit increased biomarkers of
inflammation in both the periphery and the brain.12 Specifically, increased concentrations of
innate immune cytokines, including interleukin (IL)-1, IL-6 and tumor necrosis factor
(TNF)-a, as well as their soluble receptors, have been found in the peripheral blood and/or
CSF of depressed patients.® In addition, increases in acute-phase proteins, such as C-reactive
protein (CRP), chemokines, and adhesion molecules, have been described.® Compared to
nondepressed, healthy control subjects, patients with major depression also exhibit increased
stress-induced innate immune responses, including increased NF-xB-DNA binding and
plasma IL-6 following exposure to a public-speaking and mental-arithmetic stressor (Fig.
1).13 Of note, depressed patients with increased early life stress may be especially likely to
exhibit evidence of increased baseline and stress-induced innate immune system
activation.13-15

Aside from evidence of increased inflammatory markers in depressed patients, data from
laboratory animals and humans indicate that the administration of innate immune cytokines,
including interferon (IFN)-a, leads to multiple behavioral changes that overlap with major
depression, including depressed mood, anhedonia, fatigue, psychomotor slowing, disrupted
sleep, cognitive impairment, anxiety, and suicidal ideation.16 From an evolutionary
standpoint, it has been suggested that these behavioral accoutrements of an activated innate
immune response in part subserve the reallocation of energy resources to fight infection and
heal wounds, while at the same time maintaining vigilance (anxiety, insomnia) against
further injury.8:17
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Regarding the mechanisms by which cytokines may influence behavior, there is a growing
body of research that has begun to clarify how cytokine signals access the brain and
ultimately interact with pathophysiologic pathways relevant to mood regulation. For
example, several routes by which cytokine signals reach the brain have been described,
including (1) passage through leaky regions in the blood—brain barrier, (2) active transport
via saturable transport molecules, and (3) binding to receptors on visceral afferent nerve
fibers, which in turn relay cytokine signals to the brain through the nucleus of the solitary
tract.16.:18.19 Once cytokine signals reach the brain, they are further transduced and amplified
in part through activation of inflammatory intermediaries, such as NF-xB.20 There is also a
cytokine network within the brain that includes glial elements, such as astrocytes and
microglia, which produce cytokines and chemokines, and multiple cell types, including
neurons, which express cytokine receptors.16 Of note, inhibition of the activation of
microglia, a primary source of cytokines in the brain, by the pharmacologic agent,
minocycline, has been shown to block the development of behavioral changes following
peripheral activation of the innate immune response in mice.21:22

Regarding the mechanisms by which innate immune cytokines alter behavior, data indicate
that cytokines can influence virtually every pathophysiologic pathway relevant to
depression, including neurotransmitter metabolism, neuroendocrine function, synaptic
plasticity and regional brain activity. For example, cytokine-induced activation of the
enzyme, indolamine 2,3 dioxygenase (IDO), which metabolizes tryptophan to kynurenine
and quinolinic acid, is believed to contribute to reduced availability of serotonin,16:23.24
Indeed, decreased tryptophan, the primary precursor of serotonin, and increased kynurenine
in the peripheral blood have been associated with the development of depression in patients
administered the innate immune cytokine, IFN-a.25 In addition, blockade of IDO has been
shown to inhibit the development of cytokine-induced behavioral changes in mice.?1
Activation of IDO and the subsequent conversion of kynurenine to kynurenic acid in
astrocytes may also influence the release of glutamate, and by extension, dopamine, whose
release is regulated in part by glutamatergic activity.26 Monoamine metabolism can also be
influenced by cytokine signaling pathways. Mitogen activated protein kinase (MAPK)
pathways, including p38 and extracellular signal-regulated kinases (ERK) 1/2, have been
found to influence the expression and/or activity of the membrane reuptake pumps for both
serotonin and dopamine.2’-29 Moreover, activated p38 in peripheral blood mononuclear
cells has been associated with decreased CSF concentrations of the serotonin metabolite, 5-
hydroxyindoleactectic acid, in juvenile rhesus monkeys, which were maternally abused or
rejected as infants.30

Regarding neuroendocrine pathways, innate immune cytokines are potent stimulators of the
neuroregulatory peptide corticotropin-releasing factor (CRF).31 A number of studies have
found evidence of increased CRF activity in patients with major depression, including
increased CSF concentrations of CRF and increased CRF mRNA and protein in the
hypothalamus of postmortem brain samples from depressed patients.”10:32 |n addition, CRF
has been shown to have powerful effects on multiple behaviors, including fear/anxiety,
sleep, locomotor activity and food intake.32 Cytokines have also been associated with
alterations in mood-relevant nerve growth factors, including brain-derived neurotrophic
factor (BDNF). For example, IL-1 has been shown in a number of studies to mediate stress-
induced decreases in central nervous system BDNF, as well as neurogenesis.33-35 Finally,
several studies have shown that cytokines can influence regional brain activity in the basal
ganglia and frontal cortex, including increased activity in the dorsal anterior cingulate cortex
(dACC).36:37 The dACC has been referred to as a “neural alarm” system,38 and increased
activity in this brain region during innate immune system activation may underlie the
evolutionarily derived need for vigilance that the vulnerable, wounded and/or infected
animal may require for survival.
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It should be noted that depressed patients who fail to respond to antidepressants are more
likely to exhibit increased inflammatory markers prior to treatment, and reduced
inflammation during antidepressant treatment has been associated with responsiveness to
therapy in some studies.:39

Glucocorticoid Resistance in Major Depression

Although data supporting a potential role for innate immune system activation and
inflammation in the development of depression are compelling, a fairly cursory review of
the literature on the neurobiology of depression immediately reveals a problem with this
hypothesis. One of the more reproducible findings in biological psychiatry is increased
activation of the HPA axis and elevated circulating concentrations of the glucocorticoid
cortisol in patients with major depression.”810 Relevant to the inflammation hypothesis of
depression, cortisol is one of the most potent anti-inflammatory hormones in the body.®
Therefore, the co-existence of increased inflammation and glucocorticoid excess presents a
conundrum that warrants further consideration. One possibility is that although circulating
conceontrations of glucocorticoids may be high (or normal), signaling through the GR may be
low.

There is considerable evidence that glucocorticoid signaling is decreased in patients with
major depression. Probably the most reliable finding in this regard is nonsuppression of
ACTH or cortisol secretion following administration of the synthetic glucocorticoid, DEX in
the presence or absence of CRF during the DEX suppression test (DST) or DEX-CRF test,
respectively.10 Rates of DEX nonsuppression in depressed patients range from 25% to 80%
depending on a number of factors, including age, sex, severity of depression, and the type of
test employed (the DEX-CRF test is believed to be more sensitive than the DST).10 Of note,
similar to inflammatory markers, both the DST and the DEX-CRF test have been shown to
predict clinical response to antidepressants, and in the case of the DEX-CREF test, there is
evidence that impaired glucocorticoid responsiveness represents a genetically based risk
factor for the development of depression.1% Reduced sensitivity to glucocorticoids in
depressed patients is also evident in immune cells stimulated /7 vitro and in the skin
following topical application of glucocorticoids.”-11:40 These latter findings indicate that
decreased glucocorticoid responsiveness in depressed patients is not solely a function of
altered /n vivo pharmacokinetic properties of glucocorticoids (including DEX) in depressed
patients. Moreover, taken together, these data indicate that reduced glucocorticoid signaling
is apparent in a number of cell types and tissues, including neuroendocrine, immune and
dermal elements.

Cytokine Effects on GR Function

Given the coexistence of glucocorticoid resistance and increased inflammation in patients
with major depression, there has been speculation that cytokine effects on the GR may be an
important link in this association. There is a rich database demonstrating that cytokines can
influence GR function at multiple levels, including GR translocation from cytoplasm to
nucleus, GR protein-protein interactions, GR binding to its DNA response element, and
induction of GR isoforms that have reduced capacity to bind ligand and access to
hormone.11

Based on early findings that chronic administration of endotoxin was associated with the
development of DEX nonsuppression in rats*! (a finding that has recently been repeated
using herpes simplex-1 infection?2), in our laboratory we examined the impact of relevant
endotoxin- and virally induced cytokines, including IL-1, on GR function /n vitro. Using a
mouse L929 fibroblast cell line, administration of IL-1-a was found to induce a significant
decrease in DEX-induced GR translocation from cytoplasm to nucleus that was associated
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with decreased GR-DNA binding and decreased DEX-induced activation of a reporter gene
construct with multiple glucocorticoid response elements (GRE) upstream of its promoter
region.*3 Effects were reversed by co-administration of IL-1 receptor antagonist (IL-1ra).
Subsequent studies examining the signal transduction mechanisms responsible for these
effects revealed that IL-1-a induction of p38 MAPK was involved, given that antisense
oligonucleotides targeting p38 were able to reverse the effects of IL-1-a on DEX-induced,
GR-mediated gene transcription.4 These results are consistent with a number of studies that
have shown that cytokine induction of p38 MAPK can directly influence GR function,
including GR nuclear translocation, in part through GR phosphorylation (Table 1, Fig. 2). Of
note, IL-1-a treatment was also associated with significant upregulation of GR protein that
was primarily apparent in the cytosolic compartment.*3 One possibility is that 1L-1-induced
decreases in GR shuttling from cytoplasm to nucleus may lead to reduced autoregulation of
receptor expression and thus a compensatory GR upregulation.

The potential clinical relevance of these effects of IL-1 on the GR has recently been
elaborated in an elegant series of studies conducted in mice exposed to social disruption
stress. Social disruption stress in mice has been shown to lead to glucocorticoid resistance in
splenic monocytes that is associated with increased susceptibility to the lethal effects of
inflammatory stimuli, including endotoxic shock and pulmonary virus infection.>8:59
Interestingly, the mechanism of glucocorticoid resistance in socially disrupted mice involves
decreased GR translocation from cytoplasm to nucleus,®? an effect that is eliminated (along
with glucocorticoid resistance) in gene-targeted mice in which the IL-1 receptor gene has
been knocked out.%1 Taken together, these data provide powerful confirmatory evidence that
stress (a common precipitant of neuropsychiatric disorders, including depression) can lead to
reduced GR function that is characterized by alterations in GR translocation and is mediated
by stress-induced innate immune cytokines, such as I1L-1.

In addition to IL-1 effects on the GR through activation of p38 MAPK pathways, cytokine
effects on GR function through activation of other cytokine signaling pathways have
received considerable attention, including c-Jun amino-terminal kinases (JNK1/2/3),
ERK-1/2, signal transducers and activators of transcription (STATS), and NF-xB (Table 1,
Fig. 2). Activation of INK results in phosphorylation of ¢c-Jun, which in turn dimerizes with
c-Fos to form AP-1, which has been shown to interact with the GR through protein-protein
interactions (Fig. 2).52 Interestingly, activation of JNK has also been shown to result in
increased nuclear export of GR.83 Studies in our lab have shown that JNK may play an
important role in GR regulation under resting (unstimulated) conditions through mutually
inhibitory protein-protein interactions.#8 Pharmacologic inhibition of JNK signaling
significantly increased DEX-induced GR-GRE binding, as well as DEX-induced reporter
gene activity in mouse L929 fibroblasts and mouse hippocampal HT22 cells. Comparable
effects were observed after treatment of cells with antisense oligonucleotides directed
against JINK. Changes in nuclear translocation of GR were not associated with JINK
inhibition. Of note, both INK and p38 signaling pathways have been implicated in the
inhibitory effects of TNF-a on GR function.*’

Activation of ERK signaling pathways has also been shown to influence the GR. For
example, ERK activation has been found to mediate super-antigen—induced corticosteroid
resistance in human T cells.54 In addition, inhibition of prednisolone-induced GR
translocation, as well as GR-mediated gene transcription in human epidermal cells by TNF-
a, is dependent on ERK activation.*8 Inhibition of GR function by activation of ERK is
believed to be in part related to phosphorylation of GR cofactors.5° Regarding Janus kinase
(Jak)-STAT pathways, Jak-STAT activation has also been found to decrease GR function
through effects on various cofactors including CREB binding protein (CBP) as well as
through direct GR-STAT protein-protein interactions.%6 Interactions between Jak-STAT and
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GR signaling pathways have been most studied in the context of protein-protein interactions
between STATS5 and GR. Studies using immunoprecipitation have demonstrated that STAT5
and GR form complexes in the nucleus that ultimately disrupt GR-DNA binding (Fig. 2).
Additional mechanisms that may be involved in STAT5-induced inhibition of GR function
are believed to include disruption of GR translocation.®® Finally, there is a rich literature
detailing interactions between GR and NF-xB. NF-xB has been found to directly interact
with GR in the nucleus through protein-protein interactions, causing mutual repression of
both GR and NF-xB function.5” GR and NF-xB have also been shown to compete with one
another for the coactivators steroid receptor coactivator-1 (SRC-1) and CBP in the
nucleus.®® Indeed, NF-xB-mediated repression of GR activity is inhibited by
overexpression of CBP (and vice versa), and GR activity is also inhibited by SRC-1 over-
expression.58

Other inflammatory mediators that contribute to GR regulation include cyclooxyegnase
(COX)-2. For example, the COX-2 inhibitor nimesulide has been shown to induce GR-DNA
binding, GR-mediated gene transcription and GR phosphorylation in cultured human
osteoarthritic synovial fibroblast cells.®® However, these observations are somewhat
confounded because nimesulide also inhibits phosphodiesterase (PDE) type IV, and PDE 1V
inhibitors, like rolipram, have been shown to enhance GR function (see below).”0.71
Nevertheless, studies from our group have found that treatment of rat PC12 cells with the
COX-1 and COX-2 inhibitor, ibuprofen, or the selective COX-2 inhibitor, celecoxib,
significantly increased GR-mediated gene transcription. However, the same studies found
that the selective COX-1 inhibitor, valerylsalicylic acid, had no effects on GR function.*?
Because ibuprofen and other nonsteroidal anti-inflammatory drugs have been shown to
inhibit p38 MAPK activity in Jurkat T cells,’%73 we administered anisomycin, a potent
activator of p38, along with celecoxib to rat PC12 cells. Anisomycin reversed the celecoxib-
induced enhancement of GR-mediated gene transcription in a dose-dependent manner,
indicating the effects of COX-2 inhibitors on GR may be related to inhibition of p38.4°
Recent data also indicate that anisomycin is a potent activator of JNK signaling pathways,’3
which in turn have been shown to inhibit GR function (see above). Taken together, these
results suggest that MAPK signaling pathways (including both p38 and JNK) may be
involved in the effects of COX-2 inhibition on GR function.

Aside from the effects of cytokine signaling pathways on GR function, there are several
other pathways by which cytokines can influence glucocorticoid signaling. One of these is
the induction of the beta isoform of the GR. There are two isoforms of the GR in humans,
human (h)GR-a and hGR-B.”* hGR-a contains the full set of 12 a helices required for
ligand binding, while hGR-p is unable to bind cortisol due a modified 11th and absent 12th
alpha helix. In addition, hGR-p has been found to limit the activity of hGR-a as a
transcription factor.’# Interestingly, treatment of HeLaS3 and CEMC?7 cells with either
TNF-a or IL-1 was shown to increase hGR B expression two-fold, while only increasing
hGR-a 1.5-fold.”® Given the dominant negative effects of h\GR-B on hGR-a function, the
relative expression of hGR-a and hGR-B is believed to contribute to conditions of
glucocorticoid resistance in disorders, such as glucocorticoid-resistant asthma, leukemia,
ulcerative colitis, and rheumatoid arthritis.”* Nevertheless, a role for h\GR-B in major
depression has yet to be established. One report found that while expression of hGR-a is
decreased in patients with major depression, -p expression is unchanged.”® Of note, an
equivalent of hGR-B has yet to be described in other species, including mice and rats.””:"8
Interestingly, hGR-p has recently been found to bind the GR antagonist, RU38486, and is
transcriptionally active (even in the absence of ligand, similar to GR-a), raising questions
whether the effects of RU38486 in neuropsychiatric disorders in humans may be mediated in
part through effects on hGR-B.7? (See also Revollo and Cidlowski.”%3)

Ann N'Y Acad Sci. Author manuscript; available in PMC 2012 July 18.
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Other pathways by which cytokines can influence GR signaling include their capacity to
regulate 11 beta-hydroxysteroid dehydrogenase (11p-HSD), an enzyme which plays a role
in end organ metabolism of glucocorticoids. Several innate immune cytokines have been
shown to increase the activity of 11p-HSD type 2, which inactivates cortisol, thereby
increasing the availability of glucocorticoids.8? Innate immune cytokines also can alter the
concentration of corticosteroid binding globulin (CBG), which binds the majority of
circulating cortisol. Only free (unbound) cortisol is capable of passively diffusing across the
cell membrane to interact with the GR. Cytokines, including IL-6, have been shown to
inhibit CBG production and cytokine-induced decreases in CBG are believed to play a role
in the decreased levels of CBG seen in septic shock and burn patients.81:82 Finally, innate
immune cytokines, including TNF-a, are capable of influencing activity of the p-
glycoprotein (multidrug resistance) pump, which pumps the glucocorticoids, cortisol and
DEX, out of the cell, while having no effect on corticosterone or RU38486.83 Chronic, low
dose TNF-a has been found to increase the expression and activity of the p-glycoprotein
pump, while higher doses and acute administration of this cytokine-inhibited pump
activity.84

Relationship between Inflammation and GR Signaling in Major Depression

and Stress

Given the potential effects of cytokines on GR signaling, several studies have examined the
relationship between inflammatory biomarkers and glucocorticoid resistance in patients with
major depression. Results from these largely cross-sectional studies have been mixed with
some studies reporting a limited association between glucocorticoid resistance and increased
markers of inflammation, while others have reported a clear association between these
variables. Indeed, one of the earliest studies in this regard showed a significant correlation
between post-DEX concentrations of cortisol and the production of IL-1 by peripheral blood
mononuclear cells.85 In addition, reduced skin sensitivity to topical glucocorticoid
administration in depressed patients was found to significantly correlate with increased
blood concentrations of TNF-a.40 In contrast, another study found that cytokine levels in
depressed patients with evidence of glucocorticoid resistance and glucocorticoid excess
were low, suggesting that glucocorticoid sensitivity in depressed subjects is maintained or
possibly increased during depressive illness.86 Increased /n vitro sensitivity of innate
immune responses to glucocorticoids was also found in depressed patients prior to a
laboratory stressor, however, following stressor administration, depressed patients became
significantly less sensitive to DEX in vitro, whereas controls became significantly more
sensitive.8” Of note, in a study examining the neuroendocrine and immune responses to
lipopolysaccharide (LPS) following DEX administration, subjects with evidence of
glucocorticoid resistance (as manifested by increased ACTH and cortisol responses)
exhibited increased cytokine (IL-6 and TNF-a) responses regardless of whether they were
depressed or not, indicating that the relationship between HPA axis sensitivity to
glucocorticoids and responsiveness of the innate immune system may be unrelated to
diagnosis.88

More clear evidence of a reciprocal relationship between inflammatory and glucocorticoid
signaling pathways has recently been observed in a study of individuals exposed to the
chronic stress of caring for a patient with brain cancer versus nonstressed, healthy control
subjects.89 Compared to controls, peripheral blood monocytes isolated from subjects
exposed to chronic caregiving stress exhibited significant increases in expression of genes
containing promoter response elements for NF-xB and significant decreases in genes
containing promoter elements for the GR (Fig. 3). Chronic caregivers also exhibited
significant increases in peripheral blood IL-1ra, as well as increases in CRP, the mean of
which was in the high-risk (high-inflammation) category for cardiovascular disease
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established by the Centers for Disease Control and Prevention and the American Heart
Association (>3 mg/L).%0 Salivary cortisol levels collected over 3 consecutive days were no
different between the groups. These data, which capitalize on the advantages of state-of-the-
art microarray and bioinformatics technology, provide compelling evidence that in the
context of stress, the balance between the neuroendocrine and immune systems is clearly
tipped toward increased inflammatory signaling at the expense of a decrease in GR
signaling. Whether such a relationship occurs in the context of depression remains to be
established.

IFN-a as a Model System to Study HPA-Immune Interactions in Depression

To further unravel the cause-and-effect relationships between cytokine exposure and the
development of alterations in HPA axis function and glucocorticoid signaling, a number of
investigators have seized the opportunity of patients undergoing treatment with IFN-a. IFN-
a has both antiviral and antiproliferative properties and, therefore, is used clinically for the
treatment of infectious diseases and cancers, including malignant melanoma and renal cell
carcinoma.®! Of note, IFN-a is the only FDA-approved drug for the treatment of hepatitis
C, which is believed to afflict 4-5 million individuals in the United States.% Aside from
being an innate immune cytokine itself, IFN-a is a potent inducer of other innate immune
cytokines, including most notably IL-6 and to a lesser extent IL-1 and TNF-a and their
soluble receptors.%2:93 |n addition, IFN-a has been shown, like other innate immune
cytokines, to stimulate the release of CRF in the rat hypothalamus and amygdala and
increase the release of CRF protein from rat hypothalamic explants.®49 Moreover, IFN-a
acutely activates the HPA axis in humans, stimulating dramatic increases in ACTH and
cortisol within several hours.%>9 Of importance to the relationship of these IFN-a—induced
neuroendocrine and immune changes with behavior, IFN-a causes marked depressive
symptoms in a high percentage of patients, depending on the dose and route of
administration. Prominent symptoms include depressed mood, anhedonia, fatigue,
psychomotor slowing, anxiety, and insomnia.%” Indeed, in a study examining symptom
criteria for major depression, 45% of patients receiving high dose IFN-a for cancer
treatment met criteria for major depression and a third of patients dropped out of IFN-a
treatment due to behavioral toxicity.%8

Studies evaluating IFN-a and the neuroendocrine system have examined the impact of both
acute and chronic IFN-a—induced neuroendocrine changes on mood. In terms of acute
administration, patients who developed major depression during IFN-a treatment were
found to exhibit significantly higher ACTH and cortisol responses to the first injection of
IFN-a compared to individuals who did not develop depression.% No differences were
found in IL-6 responses between those who became depressed and those who did not. Of
note, the degree of HPA axis responsiveness to IFN-a in terms of both ACTH and cortisol
was found to correlate with the severity of depressive symptoms during IFN-a therapy.
Interestingly, consistent with subsequent studies examining cortisol secretion during chronic
IFN-a administration, no relationship was found between depressive symptoms and cortisol
responses to IFN-a after several weeks of treatment.9 These data were interpreted to
suggest that exaggerated HPA axis responses to the first injection of IFN-a in patients who
developed depression during IFN-a therapy were likely secondary to sensitized
neuroendocrine responses, possibly as a function of sensitized CRF pathways, which in turn
represent a vulnerability to IFN-a—induced behavioral change.

Recently, work in our laboratory has assumed a more detailed evaluation of the long-term
consequences of IFN-a on HPA axis function. Indeed, in a study of patients with hepatitis
C, we examined a sample of subjects who were either awaiting IFN-a treatment or received
12 weeks of IFN-a therapy in combination with ribavirin, a nucleoside analogue that
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interferes with viral replication.3 Subjects were studied under controlled conditions in an
inpatient research facility at base line and then after 12 weeks. Interestingly, patients who
received IFN-a treatment exhibited significant flattening of the cortisol curve compared to
non-IFN-a—treated controls (Fig. 4).%3 In addition, flattening of the cortisol curve was found
to significantly correlate with the development of depressive symptoms, as well as fatigue,
in these subjects. Flattening of the cortisol curve has been reported in a number of medical
conditions, including cardiovascular disease and cancer, and has been associated with a
worse outcome in these disorders.9%:100 Moreover, flattening of the cortisol curve has been
associated with fatigue in breast cancer survivors.11 Of note, the degree of difference
between cortisol slopes in IFN-a-treated versus nontreated subjects was similar to those
differences reported in the literature of various clinical populations.93 The occurrence of
flattening of the cortisol slope in this longitudinal study suggests that flattening of the
cortisol curve in the context of various medical illnesses may be a consequence of chronic
exposure to innate immune cytokines by virtue of disease-associated inflammation.

To further explore changes in diurnal cortisol secretion that may have accounted for the
flattened cortisol curve during IFN-a treatment, we examined the relative contribution of a
decrease in morning cortisol values versus an increase in evening cortisol values.?3
Statistical analyses revealed that cortisol values in the evening were significantly higher in
IFN-a-treated subjects compared to controls, and like the flattened cortisol curve, increases
in evening cortisol concentrations over the course of the study were associated with
increased symptoms of depression and fatigue. These data suggest that feedback inhibition
of cortisol secretion late in the day may be disrupted as a function of IFN-a treatment and
may be secondary to inhibitory effects of IFN-a on GR function. Relevant to the potential
role of the GR in these effects, IFN-a is well known to activate Jak-STAT as well as p38
MAPK signaling pathways, both of which have been implicated in the disruption of GR
function (see above). Future studies are required to further elucidate the relative interplay of
neuroendocrine and immune factors that contribute to behavioral changes in IFN-a-treated
patients. Nevertheless, the data provide a clear indication that chronic exposure to innate
immune cytokines leads to changes in neuroendocrine function /n vivothat “map onto”
changes in relevant clinical populations and bespeak involvement of alterations in
glucocorticoid sensitivity to feedback inhibition, potentially mediated by cytokine effects on
the GR.

Treatment Implications

Given the role of glucocorticoids in regulating innate immune responses and the capacity of
innate immune cytokines to disrupt HPA axis and GR function, as well as behavior,
therapeutic strategies aimed at restoring the balance between the neuroendocrine and
immune systems may be relevant for the treatment of behavioral disorders, such as
depression. Clearly, anti-inflammatory therapies targeting innate immune cytokines and
their signaling pathways are an obvious approach in this regard. Nevertheless, strategies that
target inflammation, as well as GR function, may be of special relevance. Standard
antidepressants appear to possess some of this dual mechanism of action, as do drugs that
target protein kinase A (PKA) signaling pathways.

Antidepressants

A variety of antidepressants have been shown to enhance GR translocation and function
both /n vivoand in vitro.” Early studies revealed that the antidepressant desipramine is
capable of increasing both DEX-induced GR-mediated gene transcription and GR
translocation (even in the absence of DEX).192 Other antidepressants, including
clomipramine, fluoxetine, paroxetine, and citalopram, are also known to exert these effects
on GR.103 The effects of antidepressants on GR function have been shown to be related in
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part to their inhibitory effects on the p-glycoprotein pump, which would make more
hormone available to activate GR.194 However, other signal transduction pathways induced
by antidepressant, such as cCAMP and PKA, may be involved (see below). Of relevance to
interactions between cytokines and GR, data also indicate that antidepressants exhibit the
capacity to inhibit cytokine production both in vitroand in vivo.105 For example,
amitriptyline decreased LPS-stimulated release of IL-1-p and TNF-a from a mixed glial
culture.106 Nevertheless, the extent to which the effects of antidepressants on cytokines are
related to their actions on GR is yet to be established.

A number of studies have shown that the PKA signaling pathway plays an essential role in
GR function. GR and the catalytic subunit of PKA have been found to associate in a ligand-
independent manner both in vivo and in vitro. 197 Moreover, PKA has been shown to
phosphorylate GR independent of the presence of relevant chaperone proteins (i.e., hsp90),
and the transformational state of GR and phosphorylation of GR by PKA can be inhibited by
H-8, a PKA inhibitor.198 PKA agonists, including forskolin and 8-Br-cAMP, increase GR
mRNA stability and GR mRNA levels and enhance GR transcription and function,109.110
Treatment of human lung fibroblasts and vascular smooth muscle cells with the B,
adrenergic receptor agonists, salbutamol or salmeterol, was found to initiate GR
translocation from cytoplasm to nucleus, increase GR-DNA binding, and increase GR-
mediated gene transcription.111 In the same study, addition of cAMP alone was also shown
to induce GR-GRE binding and a PKA-inhibiting peptide reduced this effect. PKA also
activates GR function in a ligand-independent manner.111 Studies conducted in our
laboratory also support a role for the cAMP-PKA pathway in GR regulation. We found that
the PDE type 1V inhibitor, rolipram, which antagonizes the breakdown of cAMP,
significantly enhanced GR-mediated gene transcription in LMCAT mouse fibroblast cells
and rat C6 glioma cells, both in the presence and absence of DEX. This effect was
independent of the p-glycoprotein pump.’ In addition to direct effects on GR function,
increased PKA activity has also been found to reverse GR resistance. Although DEX (up to
1 uM) fails to cause cell death in glucocorticoid-resistant lymphoid cells (CEM-C1), when
combined with forskolin DEX (1 uM) causes 90% cell death.112 The GR antagonist RU486
blocks this effect, demonstrating its dependence on the GR. In further support of the role of
cAMP-dependent PKA pathways in GR function, cAMP-resistant cell lines have been
shown to give rise to a significantly higher frequency of glucocorticoid-resistant cell
variants.113

In addition to its effects on the GR, cAMP and PKA signaling pathways also interact with
cytokine signaling pathways, including NF-xB, MAPK and Jak-STAT pathways.114-116
Indeed, NF-kB transcription is blocked by increased PKA activity through interaction of the
catalytic subunit of PKA with p65, which stops p65 transactivation14 (Fig. 2). Elevated
PKA also inhibits MAPK pathways by phosphorylation of serine residues on raf-1, which
leads to a reduced affinity of raf for Ras in a number of cell types.117 In addition, the PKA
activator forskolin inhibits MAPK-induced raf-1 translocation!18 and inhibits T cell
activation through the downregulation of MAPK pathways.119 Finally, cCAMP has been
found to inhibit IL-6-induced DNA binding of STAT1 and STAT3.116 Taken together, these
data suggest that drugs that can activate CAMP-PKA pathways, such as PDE type IV
inhibitors, may represent an intriguing therapeutic strategy in reversing glucocorticoid
resistance. Pharmacologic therapies targeting PKA may represent a “double hit” on
mechanisms driving glucocorticoid resistance, given that PKA pathways can both enhance
GR function and inhibit inflammatory signaling.’?

The potential role of PKA signaling pathways in enhancing GR function and inhibiting
inflammatory signaling pathways may be especially relevant in light of the fact that
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depressed patients have been found to exhibit reduced G protein function in mononuclear
cells.120 |n addition, cultured fibroblasts collected from depressed patients have been shown
to have reduced cAMP-dependent protein kinase activity.12! Cyclic AMP/PKA signal
transduction pathways have also been shown to be reduced in postmortem brain tissue from
depressed patients. Studies investigating the mechanisms by which antidepressants exert
their effects suggest that cCAMP and PKA pathways act as mediators of the psychotropic
effects of these agents (e.g., Nibuya er a/.122). Therefore, it is possible that disruption in the
cAMP/PKA pathway in major depression is linked to cytokine-induced glucocorticoid
resistance. As such, antidepressants and other pharmacologic agents that enhance PKA
signaling may overcome GR alterations via a direct effect on crosstalk between these
pathways.

COX-2 Inhibitors

Summary

As noted above, COX-2 inhibitors have been shown to enhance GR function (DEX-induced
GR-mediated reporter gene activity and GR-GRE binding), and these effects can be blocked
by administration of anisomycin. Anisomycin activates both p38 and JNK signaling
pathways. These studies suggest that COX-2 inhibitors may serve to enhance GR function
and potentially reverse glucocorticoid resistance through inhibition of p38 and/or JNK. Of
note, COX-2 inhibitors were found to augment the effects of the antidepressant reboxetine in
treating patients with major depression.123

In summary, there is evidence of both glucocorticoid resistance and increased inflammatory
markers, including elevated innate immune cytokines, in patients with major depression. In
addition, data indicate that cytokines and their signaling pathways can significantly decrease
GR function and glucocorticoid signaling both /in vitroand /n vivo. Taken together, these
findings support the hypothesis that increased innate immune cytokines may contribute to
glucocorticoid resistance in major depression. Moreover, given the role of glucocorticoids in
restraining innate immune responses and the capacity of innate immune cytokines to
influence behavior, the effects of cytokines on glucocorticoid signaling and the brain may in
turn contribute to the pathophysiology of depression in some depressed patients. Future
studies are needed to further examine the relative balance of glucocorticoid and innate
immune signaling in major depression, and consideration should be given to therapeutic
strategies that both augment GR function and/or inhibit inflammatory pathways for the
treatment of patients with major depression and increased inflammation.
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Figure 1.

Baseline and stress-induced inflammatory responses in patients with major depression.
Patients with major depression and a history of increased early life stress displayed elevated
baseline and acute psychosocial stress-induced circulating concentrations of interleukin
(IL)-6, as well as enhanced psychosocial stress-induced nuclear factor-xB (NF-xB)-DNA
binding in peripheral blood mononuclear cells. Left panel: Circulating concentrations of
IL-6 before and 30, 60, 75, and 90 min after the start of the Trier Social Stressor Test
(TSST) in healthy controls vs. patients with current major depression and increased history
of early life stress. *vs. Control group at the given timepoint, 2< 0.05; *vs. 0 min within
the same group P < 0.025. Right panel: Percent change in nuclear NF-xB-DNA binding
from before to 30 min after the start of the TSST (ANF-xB) in a subset of the same
participants. * vs. control group, P< 0.05. (Reprinted with permission from Pace, T. W. W.,
Mletzko, T.C., Alagbe, O., Musselman, D.L., Nemeroff, C.B., Miller, A.H., 2006. Increased
stress-induced inflammatory responses in male patients with major depression and increased
early life stress. American Journal of Psychiatry 163, 1630-1633, Copyright 2006 American
Psychiatric Publishing, Inc.13)
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Figure2.

Interactions between cytokine and glucocorticoid receptor (GR) signaling pathways.
Selected cytokines and their signal transduction pathways are depicted in a simplified
fashion to illustrate representative interactions between cytokine and GR signaling events.
Cortisol binds to GR, resulting in dissociation of heat shock protein (HSP) complexes and
subsequent phosphorylation. GR then translocates to the nucleus, where it dimerizes and
either interacts with other transcription factors or binds to glucocorticoid response elements
(GREs) upstream of GR-regulated genes (e.g., inhibitor x-B or 1xB). TNF-a binds to its
receptor and results in activation of 1«B kinase  (IKKp), which phosphorylates 1xB,
allowing NF-xB (shown here as p65 and p50 Rel subunits) to translocate to the nucleus.
Through protein-protein interactions, activated NF-xB associates with GR, thus interfering
with GR-DNA binding. IL-1 binds to its receptor, initiating (a) mitogen activated protein
kinase (MAPK) kinase (MKK)4/7, which culminates in activation of c-Jun amino-terminal
kinase (JNK), (b) MKK3/6, which culminates in activation of p38, and (c) Ras, which
results in activation of the extracellular signal-related kinase (Erk)1/2. Of note, MKK4/7
activation of JNK can also occur through TNF-a receptor binding. As depicted by the dotted
lines, both p38 and JNK can phosphorylate key GR residues, thereby disrupting nuclear
translocation of GR. Interferon (IFN)-a binds to its receptor resulting in Janus kinase (Jak)
phosphorylation, represented as Jak1 and tyrosine kinase (Tyk)2. Jak1 phosphorylates signal
transducers and activators of transcription (STAT) proteins, including STAT1, STAT3, and
STATS. Tyk2 can also activate elements of the Ras signaling pathway, resulting in
activation of Erk1/2. Activated STATS translocate to the nucleus, where they can interact
with GR through protein-protein interactions, thereby interfering with GR-DNA binding.
Phospholipids are hydrolyzed by phospholipase A2 (PLA2) to form arachidonic acid, which
is metabolized by cyclooxygenase (COX) 2 to produce prostaglandin D2 (PGD?2).
Stimulation of serotonergic receptors 4, 6, or 7 (5-HT4, 6, 7) and beta adrenergic receptors
(betal) induces a conformational change in G stimulatory (Gs) protein, which then activates
adenylyl cyclase (AC). AC, in turn, converts adenosine triphosphate (ATP) to cyclic
adenosine monophosphate (CAMP). cAMP then induces a conformational change in protein
kinase A (PKA), which translocates to the nucleus, where it is able to enhance GR-DNA
binding. In addition, the catalytic subunit of PKA (PKAC) interacts with p65, thereby
inhibiting NF-xB nuclear translocation. (Reprinted with permission from Pace, T. W. W.,
Hu, F., & Miller, A. H. Cytokine-effects on glucocorticoid receptor function: relevance to
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glucocorticoid resistance and the pathophysiology and treatment of major depression. Brain,
Behavior, and Immunity 21, 9-19, Copyright 2007 Elsevier.11) (In color in Annals online.)
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Glucocorticoid and inflammatory signaling during chronic stress. Compared to controls,
peripheral blood monocytes isolated from subjects exposed to chronic caregiving stress

exhibited significant increases in expression of genes containing promoter response
elements for NF-xB (A) and significant decreases in genes containing promoter elements for

the GR (B). Chronic caregivers also exhibited significant increases in plasma concentrations

of IL-1ra (C), as well as increased plasma concentrations of C-reactive protein (D).

(Reprinted with permission from Miller, G. E., Chen, E., Sze, J., Marin, T., Arevalo, J.M.,

Doll, R., Ma, R., and Cole, S.W. A functional genomic fingerprint of chronic stress in

humans: blunted glucocorticoid and increased NF-xB signaling. Biological Psychiatry.
64(4), 266272, Copyright 2008 Elsevier.89)
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Figure 4.

Diurnal cortisol secretion during treatment with IFN-a. Patients who received interferon
(IFN)-a treatment for 12 weeks exhibited significant flattening of the cortisol curve
compared to non-1FN-a-treated controls. Mean raw cortisol values from 9 a.m. to 9 p.m. in
controls (blue/solid line) versus subjects treated with IFN-a plus ribavirin (red/dashed line)
at Visit 1 and Visit 2. Cortisol slopes from 9 a.m. to 9 p.m. in controls (blue/solid line)
versus subjects treated with IFN-a plus ribavirin (red/dashed line) at Visit 1 and Visit 2 are
also depicted in inserts in each graph. Compared to control subjects, IFN-a/ribavirin-treated
patients exhibited a significantly flatter cortisol slope (P < 0.05) and significantly higher
evening cortisol values (P< 0.05). (Reprinted with permission from Raison, C.L., Borisov,
A.S., Woolwine, B.J., Massung, B., Vogt, G., and Miller, A.H. Interferon-alpha effects on
diurnal hypothalamic-pituitary-adrenal axis activity: relationship with proinflammatory
cytokines and behavior. Molecular Psychiatry. 3 June 2008, doi:10.1038/mp.2008.58,
Copyright 2008 Nature Publishing Group.93) (In color in Annals online.)
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Cytokine Effects on Glucocorticoid Receptor (GR) Function
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Author Cytokine GR Effect Signal Transduction Mechanism
Pariante et a/*3 IL-1 alpha | Dex-induced GR translocation, ¥ Not examined
GR-mediated gene transcription
Wang et al* IL-1 alpha | GR-mediated gene transcription, ¢ Activated p38 signal pathway
GR-GRE binding
Raddatz et al*® IL-1 beta | Dex-induced GR translocation Activated NF-kappa B signal pathway, protein-protein
and GR-mediated gene transcription interaction
Goleva et al*® IL-2 | Dex-induced GR translocation Activated STATS and p38 signal pathway, protein-protein
interaction
Biola er al*® IL-2 | GR-mediated gene transcription Activated STATS signal pathway
Irusen et al*® IL-2/IL-4 | GR nuclear ligand-binding Activated p38 signal pathway resulting in GR
affinity phosphorylation
Spahn et al50 IL-13 | GR ligand-binding affinity Activated p38 signal pathway resulting in GR
phosphorylation
Xu et al’ IL-15 and IL-4 | Dex-induced GR translocation Activated p38 signal pathway resulting in GR
phosphorylation
Hu et al., submitted  IFN-alpha | GR-mediated gene transcription, Activated p38 MAPK, STATS5 signal pathway, GR-
GR-GRE binding STATS5 protein-protein interaction
Kino et al®! TNF-alpha | GR-mediated gene transcription protein-protein interaction
Zhang et al>? IL-6 Synergistic effect on glucocorticoid ~ Activated STAT3 forms a transactivating/signaling

Hu F et al53
Wang et al>*

Szatzmary et al%®

Onda et al%6

Tliba et al>’

Cox2 inhibitor

JNK inhibitor

TNF-alpha

TNF-alpha

TNF-alpha and
IFN-beta or IFN-
gamma

signaling
* Dex-induced GR translocation
* GR-mediated gene transcription

* Dex-induced GR translocation
T GR-GRE binding

| Dex-induced GR-mediated gene
transcription

| Prednisolone-induced GR
translocation and GR-mediated
gene transcription

| Dex-induced GR-mediated gene
transcription

complex

Inhibition of p38 activity

Inhibition of JNK activity

Activated p38 MAPK (MKK®6-dependent) pathway that
targets GR ligand-binding domain; activated INK
(MKK7-dependent)

Activated MEK-1/ERK pathway (both GR-mediated
transcription and GR translocation)

Activated interferon regulatory factor 1 pathway
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