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Abstract

Dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis is observed in various conditions,
including depression and obesity, which are also often related. Glucocorticoid (GC) resistance and
desensitization of peripheral GC receptors (GRs) are often the case in HPA dysregulation seen in
depression, and GC plays a critical role in regulation of inflammation. Given the growing
evidence that inflammation is a central feature of some depression cases and obesity, we aimed to
investigate the immune-regulatory role of GC-GR in relation to depressive mood and obesity in 35
healthy men and women. Depressive mood and level of obesity were assessed, using Beck
Depression Inventory (BDI-1a) and body mass index (BMI), respectively. We measured plasma
cortisol levels via enzyme-linked immunosorbent assay and lipopolysaccharide-stimulated
intracellular tumor necrosis factor (TNF) production by monocytes, using flow cytometry. Cortisol
sensitivity was determined by the difference in monocytic TNF production between the conditions
of 1 and 0 uM cortisol incubation (“cortisol-mediated inflammation regulation, COMIR”). GR vs.
mineralocorticoid receptor (MR) antagonism for CoMIR was examined by using mifepristone and
spironolactone. A series of multiple regression analyses were performed to investigate
independent contribution of depressive mood vs. obesity after controlling for age, gender, systolic
blood pressure (SBP), and plasma cortisol in predicting CoMIR. CoMIR was explained by somatic
subcomponents of depressive mood (BDI-S: = —0.499, p=0.001), or BMI (B= —0.466, p< 0.01) in
separate models. The effects of BMI disappeared when BDI-S was controlled for in the model,
while BDI-S remained a significant independent predictor for CoMIR (= -0.369, p< 0.05).
However, BMI remained the only independent predictor when BDI-T or BDI-C were controlled
for in the model. Mediation analyses also revealed that the relationship between BMI and CoMIR
was mediated by BDI-S. The exploratory findings of the relative GR vs. MR roles in COMIR,
using GR and MR blockers, indicated that CoOMIR in our cellular model was predominantly
mediated by GRs at the higher cortisol dose (1 pM). There was initial indication that greater
obesity and somatic depressive symptoms were associated with smaller efficacy of the blockers,
which warrants further investigation. Our findings, although in a preclinical sample, signify the
shared pathophysiology of immune dysregulation in depression and obesity and warrant further
mechanistic investigation.
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Introduction

The link between depression and inflammation has been shown via numerous reports of
increased levels of various inflammatory markers among depressed patients (Dowlati et al.,
2010), including elevated circulating cytokines interleukin (IL)-6 (Alesci et al., 2005), C-
reactive protein (Ford and Erlinger, 2004), and tumor necrosis factor (TNF). Increased
inflammatory cytokines appear to induce clinically significant depressive symptoms, as seen
in longitudinal studies that report elevated CRP and IL-6 levels with future depressive
symptom development (Valkanova et al., 2013) and in interferon treatment studies among
hepatitis (Udina et al., 2012) and melanoma patients (Musselman et al., 2001). The
depression-inflammation association appears to be bi-directional, as studies also report a
temporal relationship of depression to future inflammatory cytokine levels (Copeland et al.,
2012). Notably, the inflammation-related depression is evident only in a subset of depressed
patients (Glassman and Miller, 2007; Kiecolt-Glaser et al., 2015; Raison and Miller, 2011).

Although pathogenesis of the depression-inflammation link remains to be further elucidated,
a likely primary pathway is the hypothalamic-pituitary-adrenal (HPA) axis through
immunomodulatory actions of glucocorticoids (GCs) (Popova et al., 2011; VVarga et al.,
2014). Increased levels of cortisol, corticotropin releasing hormone, and the size and activity
of pituitary and adrenal glands are often, although not always, found in major depression
(Pace and Miller, 2009; Stetler and Miller, 2011; Zunszain et al., 2011). Elevation of cortisol
levels in depression is indicative of HPA dysregulation, as many patients with depression
exhibit impaired negative feedback of cortisol production by dexamethasone administration
(Zunszain et al., 2011), likely attributed to down-regulation or desensitization of
glucocorticoid receptors (GRs) (Carvalho and Pariante, 2008; Mokhtari et al., 2013).
Phosphorylation of GRs in peripheral blood mononuclear cells (PBMCs) differs between
depressed patients and healthy individuals such that GRs of depressed individuals exhibit
decreased transcriptional activity and nuclear translocation (Simic et al., 2013). In addition,
impaired or reduced GR function co-exists with increased circulating and upregulation of
inflammatory markers in patients with depression (Carvalho et al., 2014; Nikkheslat et al.,
2015). In examining development of depression, a large longitudinal study also found that
decreased GC response by monocytes and T-cells of soldiers before deployment predicted
development of greater depressive symptoms after returning (van Zuiden et al., 2015). Given
the well-documented immunomodulatory role of GCs, GR functions in inflammatory
cytokine regulation may be of clinical significance in mood disorders and other conditions
that present with HPA dysregulation and hypercortisolism such as chronic stress (Rohleder
et al., 2010).

GC sensitivity is also impaired in obesity, supported by similar data to depression such as
blunted dexamethasone suppression in obese children (Longui et al., 2003) or decreased GC
feedback sensitivity in obese men (Mattsson et al., 2009). Glucocorticoid elevation is
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associated with higher abdominal obesity, impaired glucose tolerance, and blood lipid levels
(Bose et al., 2009; Schéfer et al., 2013; Wallerius et al., 2003). Chronic exposure to cortisol
is associated with accumulation of visceral fat, though systemic cortisol elevation is not
required for obesity to occur (Chapman et al., 2013b). Furthermore, increased expression of
11p-hydroxysteroid dehydrogenase type 1 (11p-HSD-1), which converts inert cortisone to
active cortisol, facilitates weight gain in mice models of diet-induced obesity (Kershaw et
al., 2005; Lee et al., 2014; Liu et al., 2008). Thus, impaired GR function is likely a shared
mechanism for elevated inflammation in depression and obesity. Elevated113-HSD-1
activity is hypothesized to influence inflammation in obesity (Chapman et al., 2013a),
potentially through decreased feedback inhibition that would normally suppress
inflammatory processes. BMI was associated with lower GC sensitivity assessed by
lipopolysaccharide (LPS)-stimulated TNF release with dexamethasone treatment in response
to a laboratory psychological stressor (Wirtz et al., 2008). Therefore, impaired responsivity
of GRs to GC may be the critical factor that drives chronic low-grade inflammation in
obesity (Mclnnis et al., 2014).

Co-morbidity of depression and obesity is found in a high percent of affected individuals,
and bi-directional temporal predictability between depression and obesity is evident (Carey
etal., 2014; Luppino et al., 2010; Onyike et al., 2003). Furthermore, obesity is related to
sustained depressive symptoms even among the individuals without clinical depression (Heo
et al., 2006; van der Merwe, 2007). In spite of the accumulating evidence for the association
between GC/GR-mediated inflammation regulation and depression or obesity separately,
there are limited existing data to clarify cellular mechanisms that underlie the co-condition
of obesity and subclinical depressive mood. Thus, we hypothesized that regulation of
inflammation mediated by GC/GR is a pathophysiology that underlies the link between
depressive symptoms and obesity even among individuals without clinical depression. We
investigated the level of cortisol-mediated suppression of TNF production among healthy
individuals with a wide range of depressive mood and obesity states. A previously
established ex vivo model of LPS-stimulated intracellular expression of TNF by peripheral
blood monocytes (Dimitrov et al., 2013; Hong et al., 2014) was adapted to examine
responsivity of monocytes to cortisol in inhibition of TNF production. By using a whole
blood set-up and cortisol doses representing physiological levels, we aimed to create an ex
vivo cellular system that closely resembled an in vivo environment. In addition, given the
cortisol action on both GRs and mineralocorticoid receptors (MRs), pharmacological
antagonists were used to differentiate cortisol effects on each receptor type in the context of
TNF production, which has not been examined in previous studies.

2. Materials and Methods

2.1. Participants

35 otherwise healthy participants with normal to mildly elevated blood pressure (BP) from
an ongoing parent prehypertension study at University of California San Diego (UCSD)
participated in this investigation. 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.
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Initial screening of participants via telephone interviews followed by face-to-face
confirmation 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, heart failure), history of bronchospastic pulmonary disease, inflammatory
disorder or health conditions affecting immune function (e.g. recent vaccinations within 10
days of the study visit, active and current infections/illness, use of immunomodulatory
medication, uncontrolled thyroid disease), psychosis, clinical depression, and clinical
hypertension indicated by current intake of antihypertensive medication or laboratory-
assessed BP > 145/90 mmHg, with an exception of one participant (152/76 mmHg) whose
BP values fluctuated greatly.

2.2. Procedures

Average basal BPs and heart rates (HR) were calculated from two sets of three consecutive
measurements at five—minute intervals, using a Dinamap Compact BP® monitor (Critikon,
Tempa, FL). Each BP and HR measurement took less than a minute on average, and the two
sets were separated by 40 to 60 minutes. To assess levels of 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)2. Depressive mood was measured via the
Beck Depression Inventory (BDI-la), a comprehensive and clinically robust self-report 21-
item questionnaire (Beck et al., 1996). Each question was scored from 0 to 3, summed to a
BDI total score (BDI-T) that was also subcategorized into cognitive (BDI-C) and somatic
(BDI-S) depressive mood scores.

Blood samples were obtained between 8am and 10am for all participants after 12 hours of
fasting via 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 one
hour of collection, and EDTA-treated blood was kept on ice until plasma was separated by
centrifugation and aliquoted for storage at —80°C for measuring plasma free cortisol level
using enzyme-linked immunosorbent assay (ELISA).

2.3. Ex Vivo Cortisol and Antagonist Treatments of Blood Cells

In order to assess functional response of monocytes to cortisol, varying concentrations of
exogenous cortisol (catalog # H0888, Sigma-Aldrich) were applied to LPS-stimulated whole
blood cells along with combinations of mifepristone (catalog # M8046, Sigma-Aldrich) and
spironolactone (catalog # S3378, Sigma-Aldrich), which are highly specific GR and MR
blockers, respectively. The blockers were added 15 minutes prior to addition of cortisol and
LPS, which were added concurrently. Effective cortisol concentrations used were 1 uM (36
ug/dl, high-dose, approximating stress levels), 0.2 uM (7.2 ug/dl, moderate-dose,
approximating morning/daytime levels), and 0.1 uM (3.6 pg/dl, low-dose, approximating
nighttime levels), while antagonist concentrations were 10 pM. Our series of pre-trial
titration experiments showed that the dose-dependent nature of inhibition in LPS-stimulated
TNF production by monocytes disappears past 1 uM of cortisol (high-dose), such that no
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further inhibition occurred with higher concentrations of cortisol. To ensure saturation and
complete block of either GR or MR on blood monocytes, antagonists were diluted to a
concentration of at least one order of magnitude greater than cortisol. Peripheral blood cells
were treated with either PBS (control) or cortisol, and cells from a subset of participants (n=
25 of 35) were also treated with PBS, mifepristone, spironolactone, or a combination of both
mifepristone and spironolactone. The GR and MR blocker experiments were performed as
an exploratory investigation to primarily examine the relative contribution or potentially
synergistic or antagonistic effects of GRs vs. MRs in mediating the inhibitory effects of
cortisol on LPS-stimulated TNF expression by monocytes.

2.4. LPS-Stimulated Intracellular Monocyte TNF Production via Flow Cytometry

LPS-stimulated production of intracellular TNF was assessed in order to investigate
monocytes’ functional responses to cortisol treatments as an indicator of their sensitivity to
cortisol, using flow cytometry. Lipopolysaccharide (LPS; 200 pg/ml) (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. The 200 pg/ml LPS dose
was pre-determined from a series of dose-response experiments as sufficient within a
physiological range to induce inflammatory response in human blood monocytes ex vivo
(Dimitrov et al., 2013; Hong et al., 2014).

Resulting intracellular 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 wash with PBS
containing 0.1 % azide and 0.5 % albumin. Staining of surface markers for monocyte
identification proceeded via 15-minute incubation with previously titrated, appropriate
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 gated monocytes per treatment condition, and the data were analyzed
using 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*9iMHI_A-DR* phenotype. Of these monocytes, presence
(CD14*dim{| A-DR* TNF™) or lack of TNF production (CD14*4iMHLA-DR* TNF~) was
identified by intracellular detection of TNF, which allowed calculation of TNF-producing
monocytes as a percentage of total monocytes (“% TNF* monocytes”).

2.5. Cortisol-Mediation and Antagonist Efficacy in Regulation of Inflammatory Responses

Cortisol “sensitivity” in inflammation suppression at all concentrations of ex vivo cortisol
stimulation (0.1, 0.2 and 1uM) was calculated by the difference in % TNF-producing
monocytes between inhibited (by cortisol) and control (media control) conditions as A %
mono TNF¢ort<sup>x</sup>= PBS — Corty and termed cortisol-mediated inflammation
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regulation (CoMIR). The effects of the GR and MR blockers were presented as A %mono
TNFcort<sup>x</sup> = blocker — Cort, The CoMIR and blocker effects at cortisol dose of
1uM were analyzed as the indicator of sensitivity to cortisol in inflammation regulation, and
those at the doses of 0.1 and 0.2 UM were examined and presented primarily to demonstrate
the dose response and the assay reliability.

2.6. Plasma Cortisol Measurement

Plasma samples were assayed for concentrations of free cortisol with ELISA kit
(Parameter "', R&D Systems, Minneapolis, MN). Manufacturer’s protocols were followed.
All samples were assayed using a single plate, and intra-assay coefficient of variability was
3.5%.

2.7. Statistical Analysis

3. Results

Analyses were performed using SPSS Statistical Software (v22.0) and Microsoft Excel.
Descriptive data are presented as means + SD. Normality of the data was evaluated, using
the Shapiro-Wilk test, skewness, and kurtosis. Natural-log transformation of the data was
performed for plasma cortisol and total, cognitive, and somatic BDI scores, which initially
presented large skewness and kurtosis (> +/- 1). Firstly, bivariate correlations were
calculated, using Pearson’s test to examine simple associations among CoMIR, BMI, and
depressive mood (BDI). Then, multiple regression analyses were performed, controlling for
potential covariates to further determine the independent effect of depressive mood or
obesity on cortisol sensitivity: regression models were constructed with basic demographic
characteristics and BP (age, gender, systolic BP) as the first step of predictors, plasma
cortisol as the second step, and each BDI score and/or BMI as the third step to determine
their independent contributions to COMIR. Age, gender, and SBP were controlled for their
previously-shown associations with depressive mood, inflammation, or cortisol sensitivity.
Plasma levels of cortisol were included in the model, as our ex vivo cellular measurements
were performed in whole blood which included baseline levels of endogenous cortisol,
which could have influenced CoMIR. Additionally, a series of univariate regression analyses
were performed to formally investigate the mediating effects of BDI scores on the
association between BMI and CoMIR based on the methods by Baron and Kenny (Baron
and Kenny, 1986). The results were considered statistically significant at p< 0.05, and all
tests were two-tailed.

3.1. Participant Characteristics and Plasma Cortisol Levels

Participants (n=35) were young to middle-aged adults, with nearly 50% being Caucasian and
60% being men, and overweight or obese individuals on average (Table 1). When compared
by BMI-based categories of less than 25 kg/m? (normal), between 25 kg/m?2 and 30 kg/m?
(overweight), and above 30 kg/m? (obese), over 50% of participants were obese. Depressive
mood was under the threshold for clinical evaluation (i.e., BDI-T score = 17) for most
subjects, as a current diagnosis of major depression was an exclusion criterion. Average
BDI-T score was 5.4 * 6.5, while cognitive/affective and somatic subscores were 2.9 + 4.6
and 2.5 + 2.3, respectively. Average BP of the group was within a normotensive (<125/80
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mmHg at study visit) to pre-hypertensive (=125/80 mmHg & <145/90 mmHg) range. Two
out of 14 women reported oral contraceptive use. The average level of plasma cortisol of the
study participants was 8.73 + 5.65 pg/dL (approximately 0.2 pM).

3.2. LPS-stimulated TNF Production and CoMIR

3.2.1. Monocyte TNF production with and without cortisol treatment—On
average, 50.8% (SD of 12.5%, range of 26.1 to 80.1%) of monocytes produced TNF when
stimulated with LPS without cortisol treatment. Repeated measures ANOVA with pairwise
comparisons revealed that cortisol treatment of all doses significantly suppressed
intracellular TNF production by monocytes (p’s between 0.01 and 0.001; Figure 2). On
average, monocyte TNF expression was suppressed by cortisol in a reliable dose-response
fashion, in which the mean % TNF* monocytes decreased by about 50% from baseline
(media control) to 26.3 + 9.1 % at 1 uM cortisol treatment (Figure 2), resulting in A %mono
TNF of 24.1 £ 7.5 %. Cortisol doses of 0.2 and 0.1 uM resulted in 37.1 + 7.7 % and 44.8 +
12.5 % of monocytes that produced TNF. The levels of cortisol-mediated inhibition differed
among the individuals regardless of the baseline TNF production levels without cortisol
treatment (PBS control). For example, Figure 1 depicts that despite both participants 1 and
2, having exhibited about 70% of total monocytes producing TNF upon LPS stimulation at
baseline (similar immunological response by monocytes), 24.5% vs. 49.4% of monocytes
produced TNF when treated with 1uM cortisol, indicating differing levels of inhibitory
effects of cortisol between the two individuals.

3.2.2. CoMIR negatively correlates with BMI and depressive mood—Without
cortisol treatment, baseline LPS-stimulated % TNF* monocytes was negatively correlated
with BDI-S at a marginal level (r=-0.31, p= 0.07), indicating an association between
greater somatic depressive symptoms and lower basal immunological/inflammatory
responses to LPS. No significant associations were found between the baseline % TNF
production and the cognitive/affective or total depressive mood scores. Baseline % TNF also
negatively correlated with diastolic BP (r= —0.449, p= 0.007) and mean arterial pressure (r=
-0.357, p=0.035). CoMIR (at 1 uM cortisol) was correlated with BDI-S and BDI-T scores
(Table 2, Figure 3).

Multivariate regression models, controlling for covariates (Step 1: age, gender, SBP; Step 2:
plasma cortisol; Step 3: BMI or BDI), revealed that BMI was significantly predictive of
CoMIR (B= -0.466, p= 0.004) and explained an additional 19.8% of the total variance after
controlling for demographic variables, SBP, and plasma cortisol levels. Meanwhile, BDI-S
was independently associated with CoMIR (= -0.499, p= 0.001) and explained an
additional 24.4% of the total variance after controlling for the covariates. Since a greater
CoMIR value indicates greater cortisol-mediated inhibition, a negative  value from our
regression models indicates that greater BDI-S scores were predictive of smaller CoMIR,
thus impaired suppressive effects of cortisol or GR/MR responsivity to cortisol in
suppressing inflammatory responses. BDI-T or BDI-C scores were not significantly
associated with CoMIR after controlling for the covariates. When both BMI and each BDI
score were entered into the model, BDI-S remained as a significant predictor of CoMIR, but
BMI did not (Table 3). However, BMI remained as a significant predictor of CoMIR when
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BDI-T or BDI-C was controlled for in the model. Age also remained as a significant
predictor of CoMIR in the final models.

We further investigated whether BDI-S mediated the relationship between BMI and CoMIR
by testing a series of univariate regression models followed by a model including both BDI-
S and BMI, predicting CoMIR, based on the mediation analysis method by Baron and
Kenny (Baron and Kenny, 1986). As shown in Figure 4, mediation analyses confirmed the
results from multivariate regression models that BDI-S was a mediator in the BMI-CoMIR
association.

3.3. Pharmacologic Receptor Antagonism

3.3.1. GR vs. MR antagonism in cortisol inhibition of TNF production—Repeated
measures ANOVA with paired comparisons revealed that % TNF-producing monocytes in
the mifepristone (GR blockade), spironolactone (MR blockade), and a combination of both
blocker conditions were significantly greater than the cortisol-only condition (p’s between <
0.01 and 0.001), indicating significant antagonistic effects of the blockers (Figure 5). At the
same time, the difference in % TNF-producing monocytes between control and MR blocker
conditions was significantly smaller compared to the same difference between control and
GR blocker or combination blocker conditions, indicating that the blocker effects of
spironolactone were limited. The GR, MR, and the combination blockers resulted in
increases in % TNF-producing monocytes from 25.9% with 1 uM cortisol treatment to
49.5%, 28.9%, and 51.3%, respectively. With differing cortisol doses, the relative
antagonistic efficacy of mifepristone and spironolactone also differed. GR blockade reversed
TNF-producing monocytes by 12.2 + 5.8% at 0.2 pM and 4.8 + 4.2% at 0.1 uM cortisol,
whereas an MR blocker led to the recovery of 4.9 + 4.3% and 4.0 + 3.8% monocytes at 0.2
UM and 0.1 uM cortisol, respectively, indicating that the blocker effects of MR blocker
appeared to be greater at lower cortisol doses. The combination of both blockers reversed
the % monocytes by 13.2 + 5.1% at 0.2 uM and 7.2 + 5.5% at 0.1 uM cortisol.

3.3.2. BMI and BDI associations with responses to cortisol and antagonists—
Bivariate correlation analyses showed that GR blocker effects [A %mono
TNFcort<sup>x</sup>= blocker — Corty] were positively associated with BDI-C scores and
also with BDI-T scores at a marginal level (Table 2). The effects of combined blockers were
strongly and negatively associated with BMI and also negatively with BDI-S scores at a
marginal level, indicating that greater obesity and somatic depressive symptoms were
associated with smaller efficacy of the blockers. Multiple regression analysis showed that
BMI was a significant predictor of the combined antagonist effects on CoMIR (3= —0.540,
p=0.036) even after controlling for demographic factors, SBP, plasma cortisol, and BDI-T.
BMI was predictive of the combined antagonist effects on CoMIR at a marginal level when
BDI-S or BDI-C with other covariates were controlled for in the model (3= —0.479, p=
0.051; p= —0.496, p= 0.056, respectively).

4. Discussion

In this investigation we showed that the immunomodulatory action of cortisol in suppression
of LPS-stimulated monocytic production of TNF was significantly diminished in relation to
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depressive mood and obesity after controlling for covariates. Furthermore, obesity-related
declines in cortisol-mediated regulation of inflammatory responses (“CoMIR”) were
mediated by somatic depressive symptoms. On the contrary, in the absence of cortisol
treatment monocytes of those with greater depressive mood produced less inflammatory
cytokine TNF when exposed to LPS ex vivo, indicating that baseline inflammatory immune
responses to an antigenic challenge was diminished among the participants who reported
greater depressive mood. Thus, using an ex vivo cellular system, we uncovered that both
functional immune responses and cortisol-mediated immune regulatory actions were
impaired in individuals who reported elevated depressive mood or who were obese. Some
cases of obesity-related chronic low-grade inflammation may be attributed to elevated
somatic depressive symptoms and dysregulation of CoMIR of immune cells. These findings
do not imply a causal relationship between depressive mood and obesity-related impairment
in cortisol-mediated regulation of inflammatory processes, but they indicate CoMIR as a
shared mechanism that underlies elevated inflammation in obesity and a subset of
depression.

Our results are in agreement with previous studies that reported associations between
depressive symptoms and GC insensitivity in functional assessment of immune cells. For
example, impaired suppression of T-cell proliferation by dexamethasone was prospectively
associated with greater depressive symptoms in deployed military personnel (van Zuiden et
al., 2012) and multiple sclerosis patients (Fischer et al., 2012). However, the findings of
TNF production in relation to GC sensitivity are limited; to our knowledge, no other reports
are currently available in which intracellular monocytic TNF was measured under cortisol
treatment to directly investigate cellular responses in a well-defined monocytic population.
In addition, using cortisol at levels that resemble physiological values and a whole blood set-
up, our ex vivo model highly mimicked the in vivo environment, whereas many previous
studies used cortisol doses that were far beyond a physiological range or isolated cell
subpopulations. Furthermore, we report that even healthy individuals without a clinical
depression diagnosis, reporting mildly increased depressive symptoms, exhibit cortisol
resistance in immune/inflammation modulation.

Of note, in comparison to lower TNF production by monocytes upon LPS stimulation in
relation to greater depressive mood in our study, levels of various plasma inflammatory
cytokines such as IL-6, transforming growth factor-1, and interferon-gamma were shown to
be elevated in depression (Kim et al., 2007). Also, LPS-stimulated monocytes from
depressed patients produced greater amounts of IL-6 and IL-1p but less prostaglandin E2,
highlighting diverse regulatory pathways of inflammatory monocyte reactivity that may be
impaired in depression (Lisi et al., 2013). These discrepancies in findings between these
previous and our studies are likely due to differences in the immunological outcomes and
methods of cellular investigations. Many previous reports of positive associations between
baseline or stimulated inflammatory cytokine levels and clinical depression focused on
plasma or mixed cell culture supernatant measurements of extracellular cytokines. However,
we examined intracellular TNF expression by a carefully-defined cell population of
monocytes based on phenotypic marker expression by flow cytometry, which is independent
of differences in the composition of cell subpopulations. Findings of elevated circulating

Psychoneuroendocrinology. Author manuscript; available in PMC 2017 April O1.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cheng et al.

Page 10

inflammatory cytokine levels in relation to depression or obesity indicate constant and
systemic low-grade inflammation, while our findings further highlight that a key monocytic
function in mounting immune responses to an endotoxin is impaired, coupled by reduced
inflammation regulation via cortisol/GR. It is also imperative to note that only a subset of
depressed patients present elevated inflammation (Kiecolt-Glaser et al., 2015; Raison and
Miller, 2011; Raison et al., 2013), and the pathogenesis of this inflammation-related
depression remains unclear. Thus, focused investigations to elucidate the mechanisms
underlying the relationship between depression and inflammation and to scrutinize co-
morbid conditions, including obesity, are in great need.

Findings of cellular signaling mechanisms underlying HPA and GR dysregulation in the
context of inflammation reflect a complex picture of a bidirectional association that may be
a perpetual loop. Peripheral blood monocytes of individuals who reported chronic stress
exhibited reduced expression of response elements for GC but increased response elements
for NFk-B, a key pro-inflammatory transcription factor (Hayden and Ghosh, 2014).
Conversely, effects of varying cytokines on the HPA axis were found at multiple levels,
from GC secretion to GR translocation and post-translational modifications (Zunszain et al.,
2011). For example, proinflammatory cytokine IL-1 can activate mitogen-activated protein
kinase (MAPK) kinase, regulating GR phosphorylation via activation of c-Jun amino-
terminal kinase or p38 MAPKSs (Quan et al., 2003). Furthermore, deletion of the IL-1
receptor in mice preserved GC sensitivity compared to wildtype mice when both were
exposed to social disruption stressors, indicating that IL-1 may be necessary to the
development of GC resistance (Engler et al., 2008). TNF can also further promote
inflammation via activation of inhibitor k-B kinase  (IKKf), which phosphorylates 1k-B to
translocate NFx-B (Zhang et al., 2014). Phosphorylation of GR prevents nuclear
translocation of NFk-B, and NF«-B prevents GR-DNA binding (Hayden and Ghosh, 2014;
Pace and Miller, 2009). These findings strengthen the postulation that one pathway by which
depression leads to inflammation dysregulation is insensitivity of the GRs on immune cells
to GC, leading to dysregulation of cellular inflammatory activities, resulting in further GC
insensitivity.

In this investigation we explored the receptor subtypes through which cortisol exerted its
anti-inflammatory effects on peripheral blood monocytes. The involvement of MRs in
inflammation regulation through cortisol was shown in this study and by others (Sauer et al.,
1996). MR-mediated low-dose GC inhibition of macrophages attenuated immune activation
(Lim et al., 2007), and expression of MRs on macrophages was suppressed by LPS antigen
challenge (Barish et al., 2005). But, the existing evidence remains limited in the role of MRs
in inflammation regulation relative to that of GRs. GR and MR share 94% in their DNA
binding domains and could be expected to perform similar immunosuppressive functions in
regulating expression of proinflammatory cytokines such as IL-6 and TNF (Zen et al.,
2011). We found that blocking MR receptors on monocytes, using spironolactone, resulted
in similar levels of blocker effects upon low-dose cortisol treatments but in limited levels of
blocker effects at a higher level of cortisol dose (1uM, mimicking a level under stress) in
comparison to the effects of a GR blocker. While MR and GR share 57% ligand binding
homology (Arriza et al., 1987), the affinity for cortisol is greater for MR than for GR,
resulting in greater cortisol-MR binding at lower levels of cortisol. The level of GR binding
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increases as cortisol levels rise above the resting levels (Zunszain et al., 2011). Thus, the
immunomodulatory effects of HPA dysregulation in the context of depression or chronic
stress are likely mediated by GRs more so than MRs. Our hypothesis, that the association
between HPA dysregulation in depression and/or obesity and impaired CoMIR is GR-driven
primarily, needs further verification in a larger sample-sized study, as our results of blocker
efficacy in relation to BMI or BDI scores were not entirely conclusive. Our results provide
initial insight into inflammation regulatory pathways mediated by GRs vs. MRs for targeted
therapeutics.

We report that older age was consistently related to COMIR in addition to depressive
symptoms or BMI, indicating the impact of senescence on HPA regulation of inflammation.
Previous studies show that immunosenescence has been associated with changes similarly
seen in chronic stress or GC treatment such as diminished responses of lymphocytes from
older individuals to ex vivo GC treatments (Bauer, 2005). Overall dysregulation of HPA axis
is also seen in the elderly, where dexamethasone induced suppression of ACTH and GC
production is reduced (Hatzinger et al., 2011). Although found insignificant in this study,
gender may be related to CoMIR. Data in the literature are variable on gender and GC
sensitivity; 1L-6 and TNF production was higher, but cortisol sensitivity was lower in men
(Wirtz et al., 2004). Oral contraceptive use was associated with greater GC sensitivity in
response to a laboratory stressor in women (Rohleder et al., 2003), which could not be
further explored in our study. In addition, as hypertension has been observed in
hypercortisolemia (Nishikawa et al., 2013), BP is also a documented correlate with HPA
dysregulation. Thus, certain demographic basic health characteristics should be considered
in deciphering the depression-obesity-GC resistance.

A number of considerations exist in interpretations of our data and promising future
directions. In spite of significant associations among depression, obesity, and CoMIR of
moderate effect sizes, a limited sample size is a primary limitation of our study, especially
for interpretations of our findings of GR vs. MR blocker effects in COMIR in relation to
depression and obesity. In addition, replication and expansion of our results in a larger
sample would allow controlling for a more extensive list of covariates (e.g., socioeconomic
status, physical activity levels, sleep pattern, etc.) and enhance the generalizability of our
findings. Potential cortisol rhythm dysregulation among individuals experiencing greater
depressive mood may have contributed to the lack of significant associations between
plasma cortisol levels and depressive mood. This could have also been due to inter-subject
variations in circadian rhythms of cortisol in our group of participants, whose plasma
cortisol levels were sampled at a single timepoint (i.e., 8 — 10 AM). A cellular investigation
at multiple timepoints of the day would provide further insight on this topic. From an assay
and analytical perspective, a future study may further investigate individual’s cortisol-
mediated TNF regulation pattern by using a wider range and a greater number of cortisol
doses. The ability to obtain either IC50 or regression coefficients from a model of a good-fit,
using analytical methods such as linear mixed modeling, may provide more comprehensive
insight into cellular responses to cortisol in inflammation regulation. Lastly, individual
differences for intermediates of the GR and MR signaling pathways likely also contributed
to a greater variance in the proposed models of association; thus, molecular and additional
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intracellular protein investigations deserve further consideration in future studies. While
molecular pathways of inflammation dysregulation in the intersection of obesity, depression,
and cortisol insensitivity remain to be clarified, our findings indicate the significance of
depressive mood in cortisol sensitivity in the context of inflammation regulation and its
potential implications for the depression-obesity comorbidity.
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Highlights

e We measured human monocyte’s inflammatory response and its suppression by
cortisol.

» We examined the link between obesity, depressive mood, and cortisol mediated
regulation of inflammation in monocytes.

»  Depressive mood and obesity are both negatively associated with cortisol
mediated suppression of inflammation.

e The relationship between obesity and regulation of inflammation is mediated by
depressive mood.
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Control Cortisol Inhibition

Figure 1. Examples of flow cytometry outputs measuring % TNF+ monocytes from human blood
after ex vivo stimulation with LPS with and without cortisol treatment (1 uM)

Monocyte frequency on the Y axes is shown against fluorescence intensity of FITC-
conjugated intracellular TNF antibody on the X axes. Solid gray (purple in the web version)
areas indicate unstimulated control samples (without LPS), while white areas under the line
indicate LPS-stimulated samples. Baseline fluorescence for TNF/FITC was determined and
used to gate and differentiate between TNF+ and TNF—- monocytes. The difference in
percentage of TNF+ monocytes between LPS and control samples is calculated and termed
% TNF+ monocytes. This value for each participant is shown above each bar (e.g. 68% for
histogram (a) and 24.5% for histogram (b)). Histograms (a) and (b) are from one participant
(Pt1) that show treatment without and with cortisol, respectively. Histograms (c) and (d) are
from another participant (Pt2). The histograms (b) vs. (d) showcase the differing degree of
cortisol-induced inhibition of TNF production indicative of impaired cortisol-mediated
inflammation regulation (CoMIR) for Pt2.
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Figure 2. Human monocyte LSP-stimulated TNF production from ex vivo treatment with three
doses of cortisol

A dose-dependent relationship is shown between cortisol treatment and intracellular
monocytic TNF production. Mean values are reported with standard error bars. Repeated
measures ANOVA results indicated the differences between all groups were significant at
p< 0.05.
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Figure 3. Scatter plots of CoMIR with BMI and BDI-S
Scatter plots show that cortisol-mediated inflammation regulation (CoMIR) values,

calculated by A %mono TNF, were negatively associated with obesity, indicated by body
mass index (BMI) (r= -.396, p=.018), and depressive mood, assessed by Beck Depression
Inventory-Somatic subscale (BDI-S) (r= —.461, p=.005). These associations indicate that
individuals with greater depressive mood or obesity are more likely to exhibit smaller
CoMIR values which indicate decreased responsivity to GC in suppressing inflammation.
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Figure 4. Mediation analysis among BMI, BDI-S, and CoMIR
Relationship between BMI, BDI-S, and CoMIR are displayed with results from a series of

regression analyses, which are represented by arrows pointing from predictors to outcome
variables. Bolded results are from regression model with both BDI-S and BMI as
independent variables.
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Figure 5. Recovery of % TNF-producing monocytes by antagonists of GR (Mifepristone) and of
MR (Spironolactone) from ex vivo treatment with three doses of cortisol

Recovery is calculated as the difference in % TNF* monocytes between cortisol only
(without the blockers) and cortisol with antagonist(s) treatments. Significance was denoted
with *p< 0.05 and ***p< 0.001 for the difference between each blocker condition and
cortisol only treatment in %TNF-producing monocytes from pairwise comparisons with
Bonferroni correction.
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Table 1

Demographic characteristics.

Participants (N) 35

Sex (% Male, Female) 60, 40

Age (years) 38 (12), 20-59

Race (% White, African American, Asian, Other) 46, 26, 17, 11

BMI (kg/m2) 31(6.8), 18.8 - 45.2

BMI category (% Normal, Overweight, Obese) 23, 23,54

BDI-T (score) 5.4 (6.5),0-26

BDI-C (score) 2.9 (4.6),0-17

BDI-S (score) 25(2.3),0-10

Systolic Blood Pressure (mmHg) 123.9 (14.0), 98 — 152

Diastolic Blood Pressure (mmHg) 72.8(8.2),57-89.2

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

Psychoneuroendocrinology. Author manuscript; available in PMC 2017 April O1.

Page 22



Page 23

Cheng et al.

"sa1Aoouow Buissaidxa-4NL % ‘4N L 0uowoy, ‘sisiuofejue ylog ‘oquio) ‘auoioejouosids Yim |0s109 ‘ouolids ‘auolsidajiw Yim |0SIH0D ‘sudajin
!S19320]¢ OU YIIM |0SILI09 AT ‘Ajuo 110D ‘uone|nbal uolrewwe]yul paleIpaw-|0s10d “Y[IN0D "(S2400S [e10] ‘| 011eWOS ‘S ‘aAndaye/aAniubod ‘O :1ag) Alojuaau| uoissaidaq 299 ‘(IING) Xapul ssew Apog

“(pa|1e1-z) 13A8] OT"0 83 1e SI UOIB|aLI0D 4

“(pa1e1-z) [aAs] TO'0 8yl 18 JUedIIUBIS SI UONEB|a1I0D
¥

(p3IreI-Z) [8A3] S0°0 U3 T8 JUBOIUBIS SI UOITR|31I0D
x

12T 000" S00° 05S° 1S0° yST 000 d
. . . . ogqwod
8g¢e” VL 709 Wl - #CEV' - 188" 85— 1
€97’ €LT 19SS 1.8 0zs’ 8LT d
‘ouoJids
952" 10€- 9T 8zT SyT g6z - 4
(H11N0D) ANL ouows v
€50° 780" 62y Geo’ osz d
'sUdoyIN
#L1V #9LE 8/T A4 Ve - 1
€10’ S00° 8yre’ g0 d
) ) ) Ajuo wod
S L T9 - gor- 968
000° 000" 200 d
) _ . 1-1a9
«378 008 80¢ 1
000" ot d
_ _ s-1ag
WB88 Ly
ot d
o-1ag
020 1
ouoalds  sudeyiN Aluood  1-1@g S-ldg O-1dg IIAG

(41N0D) JINL ouowos vV

'S19X20]q HIN puUB ¥ INoylIM pue yiim uonanpoad 4N 9nAdouow paleipaw-josII0d pue ‘sa1ods |ag ‘IING Buowe (I s,uosiead) X1Jjew uole|ailod

Author Manuscript

¢ ?olgel

Author Manuscript

Author Manuscript

Author Manuscript

Psychoneuroendocrinology. Author manuscript; available in PMC 2017 April O1.



Page 24

Cheng et al.

“da1s yoea Joy abueyd 4 sy pue s103o1paid 8y} 40y TO0 S d
*

‘0T >d sajou
0T y

x¥x
‘7005d
xx

‘5005d
.

18 PauIWIBIaP Sem

aouealIubIS “dals puE U Se PaIsua 81aM |ING pue 81035 |ad ‘uay dais pug U} se [0S1I0D ewse|d pue dals jsTourse ainssaid poojq 21103sAs pue ‘Japuab ‘abe papnjoul $8103s |Ag aY} 0} [opow ydeg

€6 16T 167 Tev  6E0E- 09~ I8
8Ty’ TI0° /60" 0€C  ¥Sv'- 890~ 2-1ag
sz 610° GIT 612 VSET- S0z~ 10D Bwse|d
1862 00T 221" 00T ¥SO'T- 99T~ das
18- 110~ 13pUID

y5z'Z- 256~ Y 5ag
S6E'C  8S0°  8TY 12§ ZK8I- 98z - #lNg
wxCOVEL  ppz 018 g9y 99v'e- 69€ - »571ag
A 610° GIT 6T 9/TT- 19T~ 10D euwse|d
1867 002 22T 002 965T- 182~ das
9€L'- T0T'— 18puse

Svv'z- Tvg - Y sjag
L5859 poT vog Lp lSET- vog'- LNg
L£LCVL psT g9z ele T6LT- 692 - #Llag
szl 610" GIT 6T €9TT- 89T~ 10D Bwse|d
1867 002 2T 002 6.€7T- 102~ das
055"~ 60~ 18pUID

19T'2- 6TE - Y Jas

4v v Py oy 1 PS1URIo1800-§  S1019Ipaid  S|9POIN

"HINO0D

O 3]qRLIRA 3WO02IN0 3Y) J0) dals [eul) ayl ul $10121pald |[e 10} SI1ISIILIS JUBIDILR0D pue sdals yoea Jo) Alewiwins [apow Ylim s1jnsal uolssaibal sjdnniy

€9l|qel

Author Manuscript Author Manuscript

Author Manuscript

Author Manuscript

Psychoneuroendocrinology. Author manuscript; available in PMC 2017 April O1.



