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Abstract

Enhanced susceptibility to inflammatory and autoimmune disease can be related to impairments in
HPA axis activity and associated hypocortisolism, or to glucocorticoid resistance resulting from
impairments in local factors affecting glucocorticoid availability and function, including the
glucocorticoid receptor (GR). The enhanced inflammation and hypercortisolism that typically
characterize stress-related illnesses, such as depression, metabolic syndrome, cardiovascular
disease or osteoporosis, may also be related to increased glucocorticoid resistance. This review
focuses on impaired GR function as a molecular mechanism of glucocorticoid resistance. Both
genetic and environmental factors can contribute to impaired GR function. The evidence that
glucocorticoid resistance can be environmentally induced has important implications for
management of stress-related inflammatory illnesses and underscores the importance of
prevention and management of chronic stress. The simultaneous assessment of neural, endocrine,
and immune biomarkers through various noninvasive methods will also be discussed.
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Glucocorticoid resistance: from HPA axis to glucocorticoid receptor

Endogenous glucocorticoids play an important role in regulating homeostatic processes
under basal and challenge conditions, including metabolism, immune function and
behavior.! The essential role of glucocorticoids in protecting the host from the detrimental
consequences of an overactive inflammatory immune response has been well established.2-
In 1989, we first showed that an impaired hypothalamic—pituitary—adrenal (HPA) axis was
an important risk factor for susceptibility to and severity of inflammatory arthritis in
autoimmune disease prone rats.® Since that time, impaired HPA responsiveness has been
shown in numerous animal models and human inflammatory and autoimmune diseases,
including rheumatoid arthritis;”-10 Crohn’s disease, colitis, or inflammatory bowel
disease;11-12 multiple sclerosis and its animal equivalent autoimmune encephalomyelitis
(EAE);13 and the allergic conditions, asthma and dermatitis.14-1> HPA axis disturbances
have also been demonstrated in somatic fatigue and pain disorders, such as chronic fatigue
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syndrome and fibromyalgia,16-18 and psychiatric disorders, such as depression and
PTSD,19-23 which are also associated with an enhanced inflammatory state.18:24-32 This
enhanced inflammatory susceptibility can be related to impairments at any level in the HPA
axis, whether at the level of hypothalamic corticotrophin releasing hormone (CRH),33-35
pituitary ACTH®:36:37 or adrenal glucocorticoid secretion,® leading to overall
hypocortisolism (Fig. 1); or impairments in local factors affecting glucocorticoid availability
and function, including the glucocorticoid receptor (GR) (see below), which can render a
state of glucocorticoid resistance by preventing cells and tissues in the body from
responding adequately to glucocorticoids.

Once glucocorticoids are released into circulation, glucocorticoid availability at the cellular
level is influenced by various local factors, including corticosteroid binding globulin (CBG,
binding over 90% of circulating glucocorticoids), the multidrug resistance (MDR) P-
glycoprotein transporter (an efflux pump that decreases intracellular concentrations of
potentially toxic drugs or hormones) and 11p-hydroxysteroid dehydrogenase (11p-HSD, an
enzyme with two isoforms: #1 converts inactive glucocorticoids into their active form (e.g.,
corticosterone in rodents; cortisol in humans); #2 breaks down active glucocorticoids into
inactive metabolites). Enhanced CBG levels and MDR expression, as well as a decrease in
11B-HSD-1 or increase in 11p-HSD-2, reduce the levels of free/active glucocorticoids in the
cell, contributing to a state of glucocorticoid resistance.19 Glucocorticoid effects are
ultimately determined at the level of the GR. An impaired GR, whether as a consequence of
reduced expression, binding affinity to its ligand, nuclear translocation, DNA binding or
interaction with other transcription factors (i.e., NFxB, AP-1), could also lead to a state of
glucocorticoid resistance,38:3 increasing an individual’s vulnerability to exaggerated
inflammatory responses (Fig. 2). Taken together, even when circulating glucocorticoid
concentrations are normal or elevated, impaired counter-regulatory control of immune
responses can still occur at the cellular and molecular level.

Since glucocorticoid resistance occurs through many different molecular mechanisms,
conditions that appear phenotypically similar may have different molecular bases in
different individuals or populations. When combined with the many molecular pathways
that could potentially disrupt the HPA axis, at the level of CRH, ACTH, or glucocorticoid
production, secretion, availability, or receptor function, the number of potential molecular
mechanisms that might result in impaired HPA function may seem daunting. This review
will focus on impaired GR function as a molecular mechanism of glucocorticoid resistance,
which may play a role in the final common pathway of many inflammatory-related
conditions.

Genetic and environmental factors can impair GR function

Both genetic and environmental factors can contribute to impaired GR function. Numerous
polymorphisms and mutations of the GR have been linked with glucocorticoid resistance
and associated with various disease states.40-42 Alternative splicing of the human GR
primary transcript produces multiple isoforms.*3 Increased expression of the GRP isoform—
an inactive form of the GR that competes with the active GRa form—can cause relative
glucocorticoid resistance (Fig. 2).44 Increased expression of GR is stimulated by
proinflammatory cytokines,*® and has been found in immune cells of patients with various
inflammatory conditions.1945 In addition, alternative translation initiation of GR mRNA and
various posttranslational protein modifications can lead to the expression of GR isoforms
with different transcriptional activity.*3 Interestingly, GR polymorphisms that confer
reduced glucocorticoid sensitivity have been found in both the human GRa and GR gene.
The A3669G variant of GRp increases its mMRNA stability and dominant negative
function,*6 and the ER22/23EK polymorphism in GRa produces higher expression of the
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GR translational variant GR-A, leading to decreased expression of the more transcriptionally
active GR-B protein.*” (See Fig. 1 in Ref. 41 and Fig. 3 in Ref. 43.) Epigenetic changes in
the GR gene have also been shown as a result of early life behavioral programming in both
rats and humans.48:49

Other environmental factors that can induce glucocorticoid resistance include chronic
inflammation, exposure to infectious agents, chronic exposure to exogenous glucocorticoids
and chronic stress. Cytokines and their downstream signaling molecules can influence the
expression and activity of various factors that regulate local glucocorticoid bioavailability
and GR function, which are altered in various chronic inflammatory disease states, usually
favoring glucocorticoid resistance.10:°0.51 We have recently shown that exposure to bacterial
toxins, including Bacillus anthracis lethal toxin and Clostridia sordellilethal toxin, can
induce a state of glucocorticoid resistance, with impaired GR function, reduced GR
transactivation, and enhanced mortality in mice.52-54 Chronic exposure to high-dose
glucocorticoid therapy also induces glucocorticoid resistance, as in steroid resistant
asthma.1® Chronic psychosocial stress has also been shown to induce glucocorticoid
resistance in immune cells in humans and mice.?>-28 Moreover, both psychogenic and
immune stressors can induce similar neuroendocrine (HPA-activating) and neurotransmitter
changes in the brain, therefore, sensitizing the brain to subsequent stressors (of either type)
and, hence, inducing a state of increased stress vulnerability as seen in various psychiatric
and somatic disorders.>® By synergizing, neuroendocrine-immune disturbances present in
chronic exposure to either psychogenic or immune stressors can further contribute to the
development of glucocorticoid resistance via impaired GR function,60:61 and therefore,
produce a vicious feed-forward cycle perpetuating reduced inhibitory feedback on the HPA
axis and inflammatory responses.

This suggests a mechanism for the long observed phenomenon of severe or chronic stress
triggering the onset or exacerbations of inflammatory/autoimmune diseases, psychiatric and
somatic disorders,18:50.62 and even metabolic disorders, such as metabolic syndrome.83:64 |t
would appear counterintuitive to predict that stress-related illnesses such as depression,
metabolic syndrome, cardiovascular disease, or osteoporosis have inflammation as a
common final pathway, since they are commonly characterized by a hyperactive HPA
axis,55 and the presence of chronically elevated levels of glucocorticoids should suppress
inflammation. However, the induction of glucocorticoid resistance and enhanced
inflammation in these states provides a potential mechanism for this effect?! and may
explain their high comorbidity.

Impaired GR function as a mechanism for exaggerated cytokine-induced
behavioral and metabolic alterations: from sickness behavior to depression
and metabolic syndrome

Depression is a case in point. Unrestrained inflammation and HPA axis activity,
nonresponsiveness to suppression by the synthetic glucocorticoid dexamethasone, as well as
metabolic alterations, are commonly observed in certain subsets of depressed patients and
may be due to glucocorticoid resistance via impaired GR function,19:21.61.66 Thjg
phenomenon may be of particular relevance to depression in the medically ill, which is more
consistently characterized by an enhanced inflammatory state.24:26:27 [nnate immune
cytokines can influence virtually every pathophysiologic domain relevant to depression,
including neuroendocrine function, neurotransmitter metabolism, regional brain activity, and
ultimately, behavior.28:67 Cytokines have been shown to induce a constellation of symptoms
referred to as “sickness behavior,” in which an animal’s motivational state is shifted towards
a behavioral depression (lethargy, reduced locomotor activity and food intake, increased
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sleep) in the effort to conserve energy for fever production and immune activation.58 Many
features of sickness behavior overlap with symptoms of depression, particularly
neurovegetative symptoms (i.e., psychomotor slowing, fatigue, anorexia, weight loss,
hypersomnia). Sickness behavior is usually acute, considered adaptive for the recovery from
infection and usually subsides along with the resolution of inflammation.68 However,
sustained levels of low-level inflammation (as seen in many chronic inflammatory disorders)
can contribute to prolonged expression of these behaviors, and in some conditions,
culminate in the maladaptive development of depression.2426-28 |ndeed, greater expression
of sickness behaviors/neurovegetative symptoms is a prominent feature of immunotherapy
(e.g., IFNa)-induced depression (in patients without pretreatment depression), compared
with depression in medically healthy individuals.5® The importance of intact glucocorticoid
responses in keeping inflammatory responses and their behavioral sequelae in check is
supported by the observation that glucocorticoid resistance in animal models given an
immune challenge, either due to hypocortisolemia or impaired GR signaling, is associated
with exaggerated peripheral and central inflammatory responses, as well as enhanced
sickness and depressive-like behaviors.”0-74

Similar to the metabolic effects of glucocorticoids (promoting muscle proteolysis, adipose
lipolysis and hepatic gluconeogenesis),®® proinflammatory cytokines promote a catabolic
state to provide energy sources for increased glucose availability (required for
thermogenesis/fever and sustained immune activation).”>-76 Therefore, sustained metabolic
effects of an enhanced inflammatory state may contribute to an “inflammatory” metabolic
syndrome.53:64 Moreover, metabolic syndrome has been associated with depressive
symptomatology characterized primarily by neurovegetative features.”” Although enhanced
inflammation appears to represent a link between depressive-like behavior and metabolic
alterations, the molecular mechanisms by which an impaired GR may be a vulnerability
factor for inflammation-induced behavioral and metabolic dysfunction requires further
elucidation.

The GR is a ligand-dependent transcription factor that belongs to the nuclear hormone
receptor super family. The two main molecular pathways by which GR controls
transcription are by: 1) dimerizing and directly binding to positive or negative
glucocorticoid response elements (GRES) in the promoter regions of genes leading to
transcriptional increases (i.e., anti-inflammatory and metabolic molecules) or decreases (i.e,
negative feedback on the HPA axis), and 2) GR monomers indirectly influencing the
transcription of genes through protein-protein interactions with other transcription factors
(i.e., inhibiting the transcriptional activity of NFxB and AP-1 on proinflammatory
molecules) (Fig. 2).38:3%9 Whereas the metabolic actions of glucocorticoids are believed to be
mediated by GR-DNA binding mechanisms, the extent to which GR-DNA binding
mechanisms contribute to anti-inflammatory effects of GR remains an issue of debate.”8.79
The predominant role of GR protein—protein interactions with other transcription factors
(e.g., NFxB, AP-1) in mediating GR’s anti-inflammatory effects is mainly supported by /n
vitro studies.39:80.81 Under Jn vivo conditions, the dependence of GR’s anti-inflammatory
effects on GR-DNA binding—dependent mechanisms has been shown to differ according to
the type of immune challenge.81-84

To dissect the relative importance of GR-DNA binding—dependent mechanisms versus
protein—protein interactions in GR regulation of the sickness syndrome (HPA, inflammatory,
behavioral, and metabolic responses) to a systemic inflammatory challenge, we administered
low-dose lipopolysaccharide (LPS) to GRY™ mice. GRYM mice contain a point mutation
that renders them deficient in GR dimerization, and hence, GR-DNA binding—dependent
mechanisms of transcriptional regulation are impaired, but GR protein—protein interactions
with other transcription factors remain intact.8% We have shown that GRY™ mice
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administered low-dose LPS exhibit exaggerated peripheral and central inflammatory
responses in a cytokine-, time-, and tissue specific manner. In addition, these mice exhibit
sustained LPS-induced plasma corticosterone levels and sickness behaviors, as well as
enhanced metabolic alterations and impaired thermoregulation (Silverman, unpublished
data). Taken together, these data show that GR dimerization, and hence GR-DNA binding—
dependent mechanisms, are essential for the proper regulation and recovery of HPA axis,
inflammatory, behavioral, and metabolic responses to a systemic immune challenge, such as
LPS.

Our data also support the concept that GR protein—protein interactions are not sufficient for
glucocorticoids to exert their full anti-inflammatory effects, and suggest that endogenous
glucocorticoid responses or exogenous glucocorticoid therapy limited to GR protein—protein
interactions could predispose individuals to prolonged behavioral and metabolic sequelae of
an enhanced inflammatory state. These include a continued state of sickness/depressive
behaviors, such as lethargy/fatigue, reduced locomotor activity and anorexia, and metabolic
alterations favoring a sustained catabolic state (especially increased proteolysis in skeletal
muscle required for increased gluconeogenesis in the liver), which can lead to muscle
wasting, fat gain (cachectic obesity), insulin resistance (selective inhibition of fuel storage in
liver, adipose tissue, and muscle), osteopenia (reduced calcium absorption in bone) and
anemia (reduced iron in blood) to provide sustained fuel to the activated immune system.53
Therefore, many features traditionally attributed to elevated glucocorticoids could actually
result from impaired GR function, and hence glucocorticoid resistance and ensuing
enhanced inflammation. 2!

This suggests a general principle for a protective role of intact glucocorticoid negative
feedback and a fully functioning GR in a range of illnesses in which inflammation plays a
central role. And, hence, at the molecular level, the functional status of the GR may play a
role in the final common pathway in determining relative vulnerability versus resilience to
many inflammatory-related conditions. Further elucidation of the molecular mechanisms
involved in GR regulation of inflammation will help inform the pathophysiology of and
potential risk factors for clinical conditions associated with HPA axis dysfunction and
prolonged inflammation (e.g., autoimmune disease, depression, chronic fatigue,
fibromyalgia, PTSD, cardiovascular disease, type 2 diabetes, metabolic syndrome,
osteoporosis)18:21.63.64.67 and may also explain their high comorbidity. Moreover, these
insights can better inform the development of glucocorticoid-related therapeutic agents for
inflammatory disorders and their downstream correlates.”9:85.86

Neural-immune biomarker assessment and therapeutic implications

Given the many levels of the HPA axis that can be potentially interrupted, and the
combination of environmental and genetic factors that can induce glucocorticoid resistance,
it is not surprising that stress-induced inflammatory diseases vary greatly in their
presentation in different individuals and populations, and may include features that are
inflammatory, behavioral and/or metabolic related. The evidence that glucocorticoid
resistance can be environmentally induced has important implications for management of
stress-related inflammatory illnesses and underscores the importance of prevention and
management of chronic stress. If the initial goals of research in the fields encompassed by
the terms “psychoneuroimmunology,” “neuroendocrine immunology,” or
“neuroimmunomodulation” were to prove and elucidate the connections between the
immune and central nervous systems, the goals for the next generation of research in these
fields should be to bring this knowledge into the clinic to help prevent and treat stress-
related diseases. In this regard, a thorough understanding of the role of glucocorticoid
resistance in illness and of environmental factors that modify or prevent it will be essential
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in taking neuroimmunomodulation to the translational level to prevent and treat human
illness.

To do so, new tools will be required to fully characterize the functioning of the central
nervous and immune systems at functional, physiological, hormonal, and molecular levels.
Ideally, such tools should be noninvasive or minimally invasive and should provide profiles
of multiple biomarkers to obtain signature patterns of analytes indicative of the status of
these systems. We are currently developing a method to measure neural and immune
biomarkers in sweat patch eluates extracted from cutaneous patches worn on the abdomen.
Our previous proof-of-principle studies showed that sweat patch analytes (i.e.,
proinflammatory cytokines and neuropeptides) correlated with plasma levels in healthy
controls8” and with both plasma levels and symptom severity in a population of women with
a history of major depressive disorder in remission.88 Salivary cortisol has long been used to
noninvasively assess the circadian rhythm of cortisol.8 More recently, attention has been
paid to the salivary cortisol awakening response (CAR) as a sensitive measure to detect
HPA axis dysregulation.?9 Cortisol measurements in hair provide another promising new
method on the horizon to measure the cumulative burden of chronic stress over a longer time
period (months).%1 Although we have not discussed the role of the autonomic nervous
system (ANS) in neuroimmune interactions®2-95 or HPA-ANS interactions® in this review,
heart rate variability (HRV) is another minimally-invasive method, which measures the
relative activity of the parasympathetic and sympathetic nervous systems. Decreased HRV,
indicative of reduced parasympathetic-vagal tone, is an independent risk factor for morbidity
and mortality.6 In addition, salivary alpha-amylase measurements have been used as a non-
invasive biomarker for the sympathetic nervous system.%’

These methods coupled with other more invasive methods requiring blood draws will
provide a snapshot of an individual’s health status and will allow more comprehensive
approaches to predicting those at risk and monitoring effectiveness of therapeutic
interventions and coping strategies in stress-related disorders. Ultimately, prediction and
management of stress-related illnesses will require a comprehensive work-up, screening for
both genetic predisposition factors, such as polymorphisms of the GR and related proteins,
and functional status of the neuroendocrine stress response, the autonomic nervous system
and immune/inflammatory responses. Simultaneous assessment of neural, endocrine, and
immune biomarkers may help inform the design of more effective therapeutic interventions,
whether pharmacological or behavioral, to optimize the reversal of chronic stress’ averse
effects on the body, normalize stress-induced neuroendocrine-immune disturbances, and
restore proper GR function.
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Bidirectional communication between the immune system and the HPA axis.
Proinflammatory cytokines, such as TNF, IL-1, and IL-6, stimulate glucocorticoid release
(cortisol in humans; corticosterone in rodents) by acting at all three levels of the HPA axis
(solid blue lines). In turn, glucocorticoids negatively feedback on the immune system to
suppress the further synthesis and release of proinflammatory cytokines (dashed red line). In
addition, glucocorticoids regulate their own production through negative feedback on the
upper levels of the HPA axis, including corticotropin-releasing hormone (CRH) in the
paraventricular nucleus (PVN) of the hypothalamus and adrenocorticotropin (ACTH) in the
anterior pituitary (dashed red lines). Reprinted with modifications.%8
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Glucocorticoid resistance can be attributed to changes in local/cellular factors regulating
glucocorticoid bioavailability and action. (1) increased corticosterone binding globulin
(CBG); (2) increased expression of the multidrug resistance transporter (MDR pump); (3)
decreased expression of 11p-hydroxy steroid dehydrogenase (HSD)-1 or increased
expression of 118-HSD-2; (4) reduced glucocorticoid binding to the glucocortoid receptor
(GRa); (5) reduced GR translocation from the cytoplasm to the nucleus, which could be
affected by its phosphorylation state (via mitogen-activated protein kinase (MAPK)
pathways); (6) increased GR interaction with inflammatory-related transcription factors,
such as NFxB or AP-1 (jun/fos); and 7) increased GRa interaction with GRB. HSP = heat
shock protein. Reprinted with modifications.%8
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