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ABSTRACT OF THE THESIS

Glucocorticoid mediated regulation of inflammation in human monocytes is associated
with obesity and depressive mood
by

Tiefu Cheng

Master of Science in Biology
University of California, San Diego, 2014
Suzi Hong, Chair

Kathleen A. French, Co-Chair

Dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis is most
significantly studied via glucocorticoid (GC) receptor desensitization and has been
associated with depression, inflammation, and also obesity, while various bidirectional

links seem to exist also between these variables. To understand better and characterize

viii



the relationship between GC desensitization and these health variables, we recruited 36
average health participants and assayed their obesity via body mass index (BMI),
depressive mood via Beck Depression Inventory (BDI-1a), plasma cortisol via ELISA,
and LPS stimulated monocyte TNF production via whole blood incubation with receptor
agonists and antagonists for GC. Cortisol sensitivity was characterized as change in
percent monocyte TNF production from baseline to inhibited conditions. The main
findings were that % TNF+ monocytes without cortisol correlated with depressive mood
(BDI-S: r=-0.336, p=0.045), as did depressive mood with cortisol sensitivity after
controlling for population demographics (BDI-S: p=-0.289, p= 0.013). BMI also
independently correlated with cortisol sensitivity (BMI: f=-0.273, p= 0.020). With
demographics, BMI, BDI-S, % TNF+ monocytes without cortisol in the final multiple
regression model, only BDI-S (B=-0.215, p= 0.074) and % TNF+ monocytes (= 0.546,
p=0.000) still predicted cortisol sensitivity. Secondary findings with antagonists saw that
relative blocking effect of mifepristone increases with increasing concentration of cortisol
inhibition, while not with spironolactone. Our results find a strong relationship between
the triad of HPA dysregulation, depression, and obesity through the inflammatory
potential of monocytes. This preclinical sample reinforces significance of the

pathophysiological triad, though require further mechanistic exploration.



INTRODUCTION

The hypothalamic-pituitary-adrenal (HPA) axis is a complex set of direct
influences and feedback interactions among the hypothalamus, the pituitary gland, and
the adrenal glands. The HPA axis is a major part of the neuroendocrine system that
controls reactions to stress and regulates many body processes. One of the final and key
hormones released by the cortex of the adrenal gland of the HPA axis are glucocorticoids
(cortisol in humans and corticosterone in rodents), which exert no shortage of regulatory
and developmental functions essential for life. For example, glucocorticoids (GCs)
regulate mood and psychological well-being, inhibit inflammation by modulating
immune cell differentiation and cytokine production, and alter the metabolism of
musculoskeletal tissue. Furthermore, chronic pathophysiological elevation or depression
of GC levels can lead to conditions known as Cushing’s or Addison’s disease
respectively, though GC dysregulation is also closely related to many other forms of
abnormal health. The following introduction briefly identifies pathways of GC
production and signaling while highlighting the significance of the role of GC sensitivity

in the context of depression, inflammation, and obesity.

Glucocorticoid Biology & Pathology
Signaling for GC production begins in the central nervous system (CNS), where
the paraventricular nucleus (PVN) of the hypothalamus secretes corticotropin-releasing

hormone (CRH), which enters the hypophyseal portal circulation (Bellavance 2014).



CRH then stimulates the anterior pituitary gland to release adrenocorticotropic hormone
(ACTH) into the peripheral circulation, leading to synthesis and release of GCs by cells
in the zona fasciculata layer of the adrenal cortex into peripheral circulation (Kadmiel
2013). Outside of direct feedback inhibition by GCs, the suprachiasmatic nucleus (SCN)
of the hypothalamus largely determines the physiological range of GCs present in basal
conditions via control of normal circadian rhythms (Scheiermann 2013). CNS stressors of
various sources also may activate the HPA axis via excitatory neural projections to the
PVN (Bellavance 2014).

Abnormal GC fluctuations are seen in diseases associated with psychosocial stress,
and chronic stress exposure may lead to HPA dysregulation via altered reactivity. This is
seen in clinical depression, where the literature shows evidence of increased levels of
cortisol, CRH, and size and activity of pituitary and adrenal glands in depressed subjects.
Also characteristic of many with depression is decreased feedback inhibition of GC
production by administration of the synthetic GC receptor agonist dexamethasone
(Zunszain 2012). Down-regulation or desensitization of GC receptors is thought to
mediate this non-suppression phenomenon, and the test is proposed by published meta-
analysis as potentially having diagnostic value (Mokhtari 2013). When 24-hour diurnal
cortisol rhythm is profiled via hourly plasma sampling, an even clearer difference is seen
between depressed and control subjects at every hour (Paslakis 2011). Furthermore, in
examining physiological responses to stress, some have found blunted decreased cortisol
and CRH levels in depressed vs control individuals after administering controlled
stressors (Burke 2005). However, studies using rodents find that stress induced GC

elevation does not always correspond with behaviors characteristic of depression such as



anhedonia, helplessness, and social withdrawal (Sickmann 2014). Further considerations

of HPA dysregulation looks to cellular and molecular GC signaling.

Glucocorticoid receptors

The lipophilic GCs readily diffuse across cell membranes to activate cytoplasmic
GC receptors (GR), though dissociation of chaperone proteins like hsp90 from the
activated ligand-receptor complex is still necessary before GR translocation into the
nucleus for homodimerization. The dimer acts as a transcription factor and may bind to a
variety of GC response elements in promoter regions of GC-responsive genes, but
undimerized receptors may also interact with coactivator molecules in the nucleus
(Barnes 2010). Via single-nucleotide polymorphisms (SNP) of key co-chaperones for GR
such as FKBP5, GR sensitivity has been found to moderate the relationship between
childhood physical abuse and adult depression (Appel 2011). Epigenetic control of
FKBP5, namely allele specific methylation, has also been found to depend on exposure to
early life stressors or trauma (Klengel 2013). When comparing hippocampal tissue
samples from those that experienced childhood abuse with controls, a neuron-specific GR
promoter (NR3C1) exhibited increased cytosine methylation, which was shown in a rat
model to prevent the GR transcriptional factor NGFI-A from binding (McGowan 2009).
Examining genetic variants of isoforms of GR, greater expression of a less active isoform
results from the ER22/23EK SNP, which has been associated with risk for depression
(van Rossum 2006, Kumsta 2008). The A3669G SNP increases mMRNA stability of a

dominant-negative GR-f isoform, which also decreases GC sensitivity (Silverman 2012).



Role in inflammation

Considering significantly altered HPA activity in depression and
immunomodulatory role of GCs, there has also been interest in the interactions between
inflammatory cytokines and GR sensitivity. Effects from multiple cytokines have been
found in the HPA axis at multiple levels, from GC secretion to GR translocation and
post-translational modifications (Zunszain 2012). For example, the proinflammatory
cytokine interleukin(IL)-1 can activate mitogen-activated protein kinase (MAPK) kinase
(MKK), regulating GR phosphorylation via activation of c-Jun amino-terminal kinase
(JNK) or p38 MAPKSs. Tumor necrosis factor (TNF) can also promote inflammation via
activation of inhibitor k-B (Ik-B) kinase B (IKKp), which phosphorylates Ix-B to
translocate nuclear factor k-B (NFx-B). Phosphorylation of GR prevents nuclear
translocation, and NF«-B prevents GR-DNA binding (Pace 2009). Importantly with IL-1,
deletion of the IL-1 receptor in mice preserves GC sensitivity compared to wildtype mice
when both were exposed to social disruption stressors, meaning that IL-1 may be
necessary to development of GC resistance (Engler 2008). Also, evidence of chronic
stress induced concomitant increase of inflammation with GC insensitivity is seen in
humans, where peripheral blood monocytes of subjects under chronic stress show
reduced expression of response elements for GC but increased for NF«k-B, a key pro-
inflammatory transcription factor (Hayden 2006). These and other similar evidence
suggests that inflammation is part of the same process as HPA hyperactivity and resulting

insensitivity.

Role in obesity



GC sensitivity is also relevant in obesity, supported by data in obese children by
similar approaches to depression such as dexamethasone non-suppression (Longui 2003)
or decreased GC secretion feedback sensitivity in obese men (Mattson 2009). GC
elevation reliably lead to changes reflected in metabolic diseases and obesity, where
various methods of GC measurement are associated with higher abdominal obesity,
impaired glucose tolerance, and blood lipid levels (Bose 2009). Review articles on stress
related obesity seem to indicate that chronic exposure to cortisol favors accumulation of
visceral fat, though systemic cortisol elevation is not required for obesity to occur
(Chapman 2013). More importantly, increased expression of 11p-hydroxysteroid
dehydrogenase type 1 (11p-HSD-1) specifically in adipose tissue increases local
availability of GC by converting inert cortisone to active cortisol in humans, which
respectively have low and high affinity to GC receptors (Lee 2014). This process seems
to facilitate weight gain in mice models of diet induced obesity (Liu 2008, Kershaw
2005). 11B-HSD-1 has also been shown to reduce inflammation in obesity (Chapman
2013). The exact mechanism through which GC induces adipocyte expansion is still
unclear, though the previously mentioned GC pathway cross talk with inflammatory
cytokines is of interest.

The present work aims to further clarify the importance of GC mediated inflammation in
the context of depression and obesity. A previously established ex vivo model of
stimulated tumor necrosis factor (TNF) production by peripheral blood monocytes
(Dimitrov 2013) is modified for use to gauge cortisol suppression sensitivity as well as

inflammatory potential of myeloid cells of study participants. Due to the affinity of



cortisol for both glucocorticoid and mineralocorticoid receptors (MR), pharmacological

agonist and antagonists were used to differentiate cortisol effects on each receptor.



MATERIALS AND METHODS

Participants

The study sample consisted of otherwise healthy participants with normal to
mildly elevated blood pressure (BP) from an ongoing parent prehypertension study at
UCSD in the local community. All participants gave written informed consent and were
compensated for time and travel. The protocol for recruitment and human subject
treatment was approved by the UCSD Institutional Review Board.

Initial screening of participants via telephone interviews determined the absence
of several exclusion criteria: diabetes, current or recent history (past 6 months) of
smoking or substance abuse, history of cardiovascular disease (e.g. symptomatic
coronary or cerebral vascular disease, arrhythmia, myocardial infarction, cardiomyopathy,
congestive heart failure), history of bronchospastic pulmonary disease, inflammatory
disorder or health conditions affecting immune function (e.g. vaccination, active
infections, use of immunomodulatory medication, uncontrolled thyroid disease),

psychosis, clinical depression, and blood pressure (BP) currently > 140/90 mmHg.

Testing Procedures

Blood samples were obtained between 8am and 10am for all participants after 12-
hours of fasting via catheterization of an antecubital vein and collected in vacutainers
(BD, Franklin Lakes, NJ) containing either heparin or ethylenediaminetetraacetic acid

(EDTA) as an anticoagulant. Cellular assay was performed on whole blood aliquots from



heparin vacutainer within 2 to 3 hours of collection, and EDTA vacutainers were kept on
ice until plasma was separated and aliquoted for storage in -80°C conditions in
preparation for enzyme-linked immunosorbent assay (ELISA) for plasma free cortisol
level. Average basal BPs and heart rates were calculated from six measurements using a
Dinamap Compact BP® monitor (Critikon, Tempa, FL). To assess obesity, standard
anthropometrics (i.e. height, weight, waist and hip circumference) were collected via
conventional tape ruler and scale. Subsequently, Body Mass Index (BMI) was calculated
by the formula; BMI = weight in kg/(height in m)?. Depressive mood was measured via
the Beck Depression Inventory (BDI-la), a comprehensive and clinically robust self-
report 21-item questionnaire (Smarr 2011). Each question is scored from 0-3, summarily
contributing to a BDI total score (BDI-T) that is subcategorized, depending on the
specific symptoms assessed by each question, into cognitive (BDI-C) and somatic (BDI-S)

components.

LPS-Stimulated Intracellular Monocyte TNF Production via Flow

Cytometry

200 pg/mL of lipopolysaccharide (LPS) (E. coli 0111:B4, catalog # L4391,
Sigma-Aldrich, St. Louis, MO) was applied to whole blood via incubation for 3.5 hours
at 37°C with 5% CO,. Brefeldin A (10 pg/mL, Sigma-Aldrich) was added during the last
3 hours of incubation to stop cytokine exocytosis.

Resulting monocyte TNF production was measured via multiparametric flow

cytometry using fluorochrome-conjugated antibodies. Flow cytometry technology



characterizes cells individually within a sample based on their fluorescence and light
scattering properties. First, leukocytes were isolated via erythrocyte lysis with ammonium
chloride solution, centrifugation (5-minute cycles of 500 x g), and PBS wash. Staining of
surface markers for monocyte identification proceeded via 15-minute incubation with
saturating concentrations of CD14/APC (Biolegend, San Diego, CA) and HLA-DR/PE
(BD Biosciences, San Jose, CA). Cell fixation and permeabilization (Cytofix/Cytoperm
Kit, BD Biosciences) preceded intracellular staining (30-minute incubation) with
TNF/FITC (Biolegend). A dual-laser FACSCalibur (BD Biosciences) flow cytometer
collected at minimum 10,000 cells per treatment condition for analysis by FlowJo
software (Tree Star, Inc, Ashland, OR). Monocytes were distinguished from granulocytes
and lymphocytes based on forward and side scatter characteristics as well as fluorescence
indicating CD14"*™HLA-DR" phenotype, which allowed calculation of TNF producing
monocytes (CD14"™HLA-DR*TNF") as a percentage (“% TNF* monocytes”) of total

monocytes.

Cortisol and Antagonist Treatments

LPS-stimulated whole blood samples were treated with varying combinations of
cortisol (catalog # H0888, Sigma-Aldrich), mifepristone (catalog # M8046, Sigma-
Aldrich), and spironolactone (catalog # S3378, Sigma-Aldrich) as part of the stimulated
incubation. Mifepristone and spironolactone are highly specific GR and MR antagonists
respectively. Antagonists were added 15 minutes prior to addition of cortisol and LPS,
which were added concurrently. Effective cortisol concentrations used were 1 uM (high-

dose), 0.2 uM (moderate-dose), and 0.1 uM (low-dose), while antagonist concentrations
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were 10 uM. Our pre-trial titration experiments showed that the concentration dependent
nature of TNF production inhibition by cortisol disappears past 1 uM (high-dose), where
no further inhibition occurred with higher concentrations of cortisol. To ensure saturation
and complete block of either GR or MR, antagonists were diluted to a concentration of at
least one order of magnitude greater than agonists. Combinations of either PBS or
cortisol with either PBS, mifepristone, spironolactone, or both mifepristone and
spironolactone were used, though antagonists were not used for samples from all

participants.

Cortisol Sensitivity and Antagonist Efficacy
Cortisol sensitivity at all concentrations of stimulation was calculated with
Equation 1, which finds the difference in % TNF" monocytes between inhibited and

control conditions.

A %mono TNF;ore, = PBS — Cort, (1)

PBS is % TNF" monocytes resulting from the control condition of LPS-stimulation
without cortisol or antagonist treatments. Cort is the % TNF" monocytes resulting from
concurrent cortisol and LPS-stimulation, and subscript x specifies the concentration of
cortisol.

A similar index of change was used to quantify effect of antagonists, calculated

with Equation 2.

A %mono TNFgjpckerscort, = Corty — Blocker&Cort,  (2)
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Blocker&Cort, indicates the % TNF" monocytes resulting from condition where
antagonist was added concurrently with cortisol to block its inhibitory effects via either

GR or MR.

Enzyme-Linked Immunosorbent Assay

Thawed plasma samples were assayed for concentrations of free cortisol with
ELISA kit (Parameter™, R&D Systems, Minneapolis, MN). Manufacturer’s protocols

were followed.

Statistical Analysis

Calculations were performed using SPSS Statistical Software (v20.0) and
Microsoft Excel. Descriptive data are presented as means + SD. Normality of the data
was determined by the Kolmogorov-Smirnov test. One-way ANOVA with Pairwise
Comparisons were conducted to determine significant difference between groups. Linear
Regression Correlations were performed by Pearson’s test, and natural logarithm
transformation of the data set was performed in cases where normality was absent to
improve skewness and kurtosis. Multiple regression analyses were performed by
controlling for other potential covariates to further determine significance of correlations
found via bivariate linear regression. Multiple regression models were constructed step-
wise, with general demographics (age, gender, systolic BP) being first and other

predictors following as the second, and/or third steps. The results were considered
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statistically significant if P< 0.10 due to the pilot nature of the research, and all tests were

two-tailed. In case of missing data, cases were excluded pairwise.



RESULTS

Demographics

Demographics (Table 1) showed that on average, participants (n=36) were young
to middle aged adults, with a high percentage of Caucasians, males, and obese individuals.
When compared by BMI categories of less than 25 kg/m? (normal), between 25 kg/m?
and 30 kg/m? (overweight), and above 30 kg/m? (obese), 52.8% of participants were
obese. Depressive mood for this group was mostly under threshold for clinical referral
(BDI-T score >11), which is expected because major depression diagnosis was an
exclusion criterion. Average BP of the group fell within normotensive (<120/80 mmHg)
to pre-hypertensive (>120/80 mmHg & <140/90 mmHg) range. Normality is seen in

datasets of almost all variables with exception of BDI total and sub scores.

Study 1: TNF Production and Cortisol Sensitivity

Monocyte TNF production from treatment with cortisol or antagonists

Flow cytometry measurements showed that cortisol treatment of all doses
significantly suppressed TNF production by monocytes, though the extent of inhibition
differed between individuals regardless of the baseline TNF production levels without
cortisol suppression (Figure 1).

Monocyte TNF expression was suppressed by cortisol in a reliable dose-response
fashion, where the mean % TNF' monocytes decreased from 50.3+ 12.8 % without

cortisol to 44.8+ 12.5 % at low-dose suppression, 37.1+ 7.7 % at moderate, and 26.3+

13
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9.1 % at high (Figure 2.1). The opposite trend was seen in cortisol sensitivity (Figure 2.2),
where the mean calculated A %mono TNF increased from 6.0+ 4.7 % at low-dose

cortisol to 11.1+ 8.8 % at moderate, to 24.1+ 7.5 % at high.

LPS stimulated monocyte TNF production negatively correlates with depressive mood
Without the ex vivo cortisol treatment, % TNF" monocytes exhibit a negative
correlation with BDI-T (r= -0.338, r>= 0.114, p= 0.044) and BDI-S (r= -0.336, r*= 0.113,
p=0.045) after natural log transformation of BDI scores. No correlations were found
between the uninhibited % TNF production and the cognitive/affective depressive mood

Scores.

Calculated monocyte cortisol sensitivity negatively correlates with BMI and depressive
mood

A %mono TNF at high and moderate dosages of cortisol inhibition correlated
strongly with BDI-S (high-dose: r= -0.454, r>= 0.206, p= 0.005; moderate: r= -0.594, r’=
0.352, p= 0.005) and BDI-T (high-dose: r=-0.395, r*= 0.156, p= 0.017; moderate: r= -
0.421, r= 0.177, p= 0.056) after natural log transformation of calculated cortisol
sensitivity at moderate-dose. Sensitivity also correlated to BMI at high- (r= -0.373, r’=
0.139, p= 0.025) and low-dose cortisol (r= -0.373, r*= 0.139, p= 0.027).

Further investigation utilized multiple regression models (Table 2) that controlled
for demographic covariates (age, gender, and SBP) and physiological baselines variables,
namely total cortisol and baseline % TNF+ monocytes (without cortisol). Total cortisol

concentration was calculated by addition of plasma cortisol concentration with ex vivo
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addition. The average level of plasma cortisol of the study participants was 87.3+ 56.5
ng/mL (intra-assay coefficient of variability was 3.5%).

The results showed that BDI-T was independently associated with sensitivity at
low-dose inhibition (B=-0.306, p= 0.096) and explained an additional 4.0% of the total
variance compared to using only the covariates previously listed. BDI-S was
independently associated with sensitivity at high-dose inhibition (= -0.289, p=0.013)
and explained a greater difference of variance at 7.0%. BMI also predicted sensitivity at
high-dose (B=-0.273, p= 0.020, AR?*= 0.063) and low-dose (p= -0.321, p= 0.085, AR*=
0.085). However, when the model included both BMI and BDI-S, only BDI-S still
independently predicted sensitivity at high-dose (p=-0.215, p= 0.074, AR?= 0.025). Age,
baseline % TNF remained significant predictors in all final models, while SBP and gender

were in some.

Study 2: Pharmacologic Receptor Antagonism

Receptor antagonism prevents cortisol inhibition

Figure 3 shows various recovery of monocyte TNF production due to addition of
receptor antagonists at various dosages of cortisol inhibition. Significant pairwise
differences between % TNF" monocytes were found between cortisol and cortisol with
blockers at all concentrations. Minor effects were also observed of cortisol receptor
antagonists in blocking of TNF inhibition by endogenous (plasma) cortisol, though the
differences were statistically insignificant. With increasing cortisol concentration, the
relative antagonistic efficacy of mifepristone and spironolactone changed. Spironolactone

recovers 4.0+ 3.8% of % TNF" monocytes relative to that of just cortisol at 0.1 pM. This
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figure changes to 4.9+ 4.3% at 0.2 uM cortisol and 2.4+ 5.1% at 1 uM cortisol. However,
mifepristone recovers from 4.8+ 4.2% to 12.2+ 5.8% then 23.6x 7.7% as concentration of

cortisol increases.



DISCUSSION

This sample of participants represent a population of middle aged adults of
generally average health without major illnesses with the exception of being overweight
or obese. When exposed to LPS ex vivo, monocytes of those with greater depressive
mood produced less inflammatory cytokine TNF. In response to inhibition with added
cortisol, participants’ monocyte production of TNF was inhibited by cortisol in a dose
dependent manner. The responsiveness of monocytes to cortisol inhibition is most
diminished in more obese and more depressed individuals after controlling for
demographic covariates.

TNF production has been positively correlated with depression previously, as well
as production of other inflammatory cytokines such as IL-6, transforming growth factor-1,
and interferon-gamma (Kim 2007). More recent literature characterizing differential
monocytic response to LPS in depressed patients also suggest the usefulness of monocyte
reactivity as a marker of depression (Lisi 2013). Previous reports of positive association
between inflammatory cytokine production and clinical depression relied on plasma
measurements, while our intracellular results showed that preclinical levels of depression
correlated with decreased TNF production in monocytes after LPS stimulation. The
mechanism underlying this association may be an important step in bridging the
relationship between depression and cortisol sensitivity.

Via inhibition of monocyte TNF, GC sensitivity in monocytes was found to also

correlate negatively to depressive mood. These results are consistent with previous

17
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reports that depression or depressive symptoms associated with other affective
psychiatric conditions reliably correlate with GC insensitivity in immune cells. For
example, low sensitivity to dexamethasone suppressed T-cell proliferation has been
prospectively associated with high depressive symptoms in deployed military personnel
(van Zuiden 2012) and multiple sclerosis patients (Fischer 2012). However, TNF is rarely
measured as an outcome variable for GC sensitivity, and no reports were found where
specifically monocytic TNF was measured following cortisol inhibition. Via endogenous
hormones at levels that replicate physiological values as well as relatively brief whole
blood stimulation of 3 hours instead of 24 hours, our ex vivo environment highly mimic
the in vivo environment of the human body while preventing unnecessarily invasive
methods. Furthermore, we find that even normal individuals with heightened depressive
mood experience GC desensitization at an immune modulatory level. While our
correlative data cannot suggest causation, if relationship between depressive mood and
LPS stimulated TNF production without additional suppression is considered, it seems
likely that depressive mood is driving GC desensitization at the monocyte level. Since
individuals with higher depressive mood may also experience GC desensitization due to
overall overproduction of cortisol, it follows that their innate immune response, thus
monocyte inflammatory potential, would be suppressed. Though plausible, the results
with this particular group failed to show associations between depressive mood and
plasma cortisol levels. Inter-subject variations in circadian rhythms may reduce the
reliability of single time-point sampling of plasma cortisol in predicting dysregulation
that were found to coincide with depression. This hypothesis is supported by an animal

study that find hypersecretion of cortisol to be dependent on the stress induced
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entrainment of circadian rhythm of a mild chronic stress model of depression
(Christiansen 2012).

The link between GC sensitivity and obesity is not well explored specifically via
immune cells, though the role of GC in development of adiposity has been reviewed at
length (Hryhorczuk 2013, Lee 2014). Viewed in the context of HPA dysregulation,
depression, and inflammation, obesity may also contribute as a significant source of
inflammatory chemicals that drive cytokine-induced depressive symptoms. For example,
in rodent model of high-fat feeding, genetic markers of neuroinflammation including IL-6,
TNF, and NFk-B were found to have upregulated in the hypothalamus, activating and
promoting infiltration of microglia and astrocytes (Thaler 2012). Though depression
wasn’t particularly examined, other studies find that central induction of inflammatory
cytokines, TNF especially, induced depressive mood or sickness behavior in rodents
(Goshen 2008), while targeted deletion of TNF receptors protects against depression in
stress tasks compared with controls (Simen 2006). Increased adipocytes in obesity
introduce a number of cytokines (adipokines) that have inflammatory potential or may
otherwise contribute to chronic, low-grade inflammation. These adipokines include
adiponectin, leptin, though infiltrated macrophages may be responsible for secretion of
classical cytokines like TNF and 1L6 from visceral adipose (Techernof 2013). It can be
seen that monocyte GC insensitivity may also contribute to increased TNF secretion
potential in those with higher adiposity. Specifically for macrophages resident in adipose
tissue, GC insensitivity may be part of the mechanism contributing to increased

inflammatory cytokine production.
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While a mechanistic understanding of the obesity, depression, and GC sensitivity
mediated inflammation triad remain elusive, our final multiple regression model results
indicate the relatively greater significance of depressive mood in GC sensitivity.

In examining covariates, it was found that age is significantly negatively
correlated with cortisol sensitivity in monocytes, suggesting impact of senescence on
HPA regulation of inflammation. Previous review article by Bauer (2005) finds that
immunosenescence has been associated with changes similarly seen in chronic stress or
GC treatment. For example, lymphocytes from older subjects are less sensitive to in vitro
GC treatments as measured via proliferation. Overall dysregulation of HPA axis is also
seen in the elderly, where dexamethasone induced suppression of ACTH and GC
production is reduced (Hatzinger 2011). Gender, though less significant in the final
multiple regression model, was also found to correlate with low-dose cortisol sensitivity.
The direction is opposite of what was described previously in monocytes, where IL-6 and
TNF production is higher and cortisol sensitivity lower in men (Wirtz 2004). As
hypertension has been well observed in hypercortisolemia, blood pressure is also a
known correlate with HPA dysregulation.

Due to use of a more physiologically relevant agonist, attention was given to
distinguish the receptor through which cortisol exerted its anti-inflammatory effects. The
significance of MR in inflammation is apparent, though the available literature shows a
lack of agreement for the directionality of the relationship. GR and MR share 94% in
their DNA binding domains and could be expected to perform similar
immunosuppressive functions in regulating expression. Animal research shows

mineralocorticoid treatment induces monocyte and macrophage adhesion in vascular,
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cardiac, and kidney tissues via increased tissue expression of inflammatory cytokines
such as IL-6 and MCP-1. In macrophage MR knockout mice, adhesion and infiltration
still occur following mineralocorticoid administration, though inflammation-induced
tissue damage is reduced (Rickard 2009). However, macrophage expression of MR is
suppressed by LPS antigen challenge (Barish 2005), and MR mediated low-dose GC
inhibition of macrophages attenuate immune activation (Lim 2007). Our ex vivo results
show that blocking MR receptors via spironolactone decreased the ability of GCs to
suppress monocyte TNF production. This suggests that human monocyte MRs mediate
suppression of inflammatory cytokine production through various concentrations of GCs
representative of physiological stress conditions, though with high levels of GCs the
effect of MR immunosuppression diminishes.

While MR and GR share 57% ligand binding homology (Arriza 1987), the
affinity of GC is much higher for MR than for GR. Thus, GC signal transduction occurs
significantly through MR throughout normal circadian fluctuations of HPA activity, with
MR saturated during circadian peaks or stressful events. However, level of GR binding is
more graduated, increasing much more during stress (Zunszain 2011). It follows then to
reason that effects of abnormal GC elevation may functionally result more via GR rather
than MR. Chosen concentrations of GC in our ex vivo experiments simulated the
extracellular environment during stress, producing results that indicate the dose-
dependent importance of GR activity with increasing GC levels through the high end of
the human physiological spectrum. It can be concluded that correlations found between

obesity and depressive mood with sensitivity measured via high-dose cortisol
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immunosuppression was likely due to greater binding with and activation of GR in
monocytes.

Effect sizes for significant correlations ranged between 10-20%, indicating small
associations. However, sources of uncontrollable variance are likely to reduce the
measured effect size (Cohen 1988). For example, the metric used to assess depressive
mood is a self-report questionnaire that rely on accuracy of self-assessment of study
participants, which is subject to a degree of bias. Associations found between continuous
behavioral variables and biomarkers in similar exploratory studies have been shown to
also have small effect sizes with ranges similar to ours (Laake 2014, Kuebler 2013).
However, use of flow cytometry to analyze nuclear factor inhibitory effects on protein
synthesis for correlation with BDI score has not been performed previously. Individual
differences for the intermediates of the GR and MR signaling pathways likely contributed
to a greater variance in the proposed models of association.

Consideration should be given in reproducing these results in clinical populations
of depression as well as further characterizing leukocyte response by measuring activity
markers of different cells, such as T lymphocytes, as well as other inflammatory
cytokines and chemokines. Also, blood sampling of subjects should ideally be done at
multiple times during the day to address GC circadian rhythms. To analyze further the
endocrine activity of visceral adipose, adipokine levels should also be measured as part of

the next steps.



FIGURES AND TABLES

Table 1. Demographic characteristics. Values reported are in format of sample mean (standard
deviation), and range where applicable. Percentages are rounded to integers.

Participants (N) 36

Sex (% Male, Female) 61, 39

Age (years) 38 (12), 20 — 59

Race (% White, African American, Asian, Other) 47, 25,17, 6

BMI (kg/m?) 31 (6.8),18.8 —45.2
BMI category (%) 22, 25,53

BDI (score) 5.4(6.4),0-26
Systolic Blood Pressure (mm HQ) 123.9 (13.9), 98 — 152
Diastolic Blood Pressure (mm Hg) 73 (8.1), 57 —89.2
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Figure 1. Example flow cytometry outputs measuring % TNF" monocytes from human blood after
ex vivo stimulation with LPS. Monocyte count on the vertical axes is shown against fluorescence
intensity of FITC-conjugated intracellular TNF antibody on the horizontal axes. Purple area
indicates unstimulated control sample, while area under the blue line indicates LPS stimulated
sample. The difference between area under the blue line and purple area is calculated as a
percentage of total monocytes, termed % TNF" monocytes. This value for each sample is shown
above each bar (e.g. 68 for panel a and 24.5 for panel b). Panels (a) and (b) are output data from 1
subject that show treatment without and with cortisol, respectively. Panels (c) and (d) are similar
data from another subject.
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Figure 2.1. Human monocyte LSP-stimulated TNF production from ex vivo treatment with three

doses of cortisol. Mean values are reported with standard error bars. ANOVA results indicate

differences between all groups are significant at P < 0.10.
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Figure 2.2. Inhibition of human monocyte TNF production by ex vivo cortisol. A %emono TNF is
calculated as the difference between monocyte TNF production in control and cortisol stimulation.
Mean values are reported with standard error bars. ANOVA results indicate differences between
all groups are significant at P < 0.10.
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Table 2. Multiple regression results with A %mono TNF at 1 UM cortisol as Outcome Variable.
Two models were built, each having age, gender, and systolic blood pressure as the 1% step and
total cortisol (plasma + ex vivo addition) and baseline % TNF+ monocytes (LPS only without
cortisol) as the 2" step. The first model has either obesity (1.1) or depressive index (1.2) as the 3"
step. The second model builds upon the first model, with both obesity and depressive mood in the
4™ step. Statistics were performed with natural log transformed BDI values. Significance was
determined at P < 0.10.

Model Sig. predictors B-coefficient t R? Rzadj AR’ AF
1.1 BMI -.273 -2.464 701 639 .063 6.070
Age -.308 -2.832
Baseline TNF .602 5.339
1.2 BDI-S -.289 -2.649 709 .649 .070 7.015
Gender -.190 -1.830
Age -.258 -2.465
SBP -.210 -1.934
Baseline TNF .573 5.017
2 BDI-S -.215 -1.854 734 667 .025 2.611
Age -.296 -2.828
Baseline TNF .546 4.861
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Figure 3. Human monocyte LPS-stimulated TNF production from ex vivo treatment with three
doses of cortisol and glucocorticoid and mineralocorticoid receptor antagonists. Red bar
identifies production without any ex vivo treatments. Green bars identify conditions where
samples were only treated with cortisol. Blue bars identify conditions where samples contain
blockers. Mean values are reported with standard error bars. Differences between cortisol groups
and their respective antagonist co-treatment conditions were compared by ANOVA, and
significance (*) was determined at P < 0.10.
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