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Abstract: Background: Stress and depression are known to contribute to coronary artery disease
(CAD) with catecholamines (CA), altering the balance to a pro- and anti-inflammatory stetting and
potentially playing a key role in the underlying pathophysiology. This study aimed to elucidate
the impact of social stress on the CA system and inflammation markers in patients suffering from
CAD and depression. Methods: 93 subjects were exposed to the Trier Social Stress Test (TSST).
Based on the results of the depression subscale of the Hospital Anxiety and Depression Scale (HADS,
German Version) and the presence/absence of CAD, they were divided into four groups. A total of
21 patients suffered from CAD and depression (+D+CAD), 26 suffered from CAD alone (—D+CAD),
and 23 suffered from depression only (+D—CAD); another 23 subjects served as healthy controls
(—=D—CAD). Subjects were registered at 09:00 AM at the laboratory. A peripheral venous catheter
was inserted, and after a 60-min-resting period, the TSST was applied. Prior to and 5, 15, 30, and
60 min after the stress test, plasma epinephrine, norepinephrine, and dopamine concentrations
(High Performance Liquid Chromatography (HPLC)) were measured together with the inflammation
markers interleukin-6 (IL-6) and monocyte chemotactic protein-1 (MCP-1). High-sensitive C-reactive
protein (hs-CRP, Enzyme-linked Immunosorbent Assay (ELISA)) was measured prior to TSST. Results:
(+D—CAD) and (+D+CAD) patients showed significantly lower epinephrine and dopamine levels
compared to the (—D+CAD) and (—D—CAD) participants at baseline (prior to TSST). Over the
whole measurement period after the TSST, no inter-group difference was detected. Partial correlation
(controlling for age, gender and Body Mass Index (BMI)) revealed a significant direct relation between
MCP-1 and norepinephrine (r = 0.47, p = 0.03) and MCP-1 and epinephrine (r = 0.46, p = 0.04) in
patients with —D+CAD at rest. Conclusions: The stress response of the CA system was not affected
by depression or CAD, whereas at baseline we detected a depression-related reduction of epinephrine
and dopamine release independent of CAD comorbidity. Reduced norepinephrine and dopamine
secretion in the central nervous system in depression, known as ‘CA-deficit hypothesis’, are targets
of antidepressant drugs. Our results point towards a CA-deficit in the peripheral nervous system
in line with CA-deficit of the central nervous system and CA exhaustion in depression. This might
explain somatic symptoms such as constipation, stomach pain, diarrhoea, sweating, tremor, and the
influence of depression on the outcome of somatic illness such as CAD.

Keywords: depression; epinephrine; dopamine; coronary artery disease; inflammation; trier social
stress test
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1. Introduction

In patients with coronary heart disease (CAD), depression is associated with a 1.5
to 2.0-fold increased risk of mortality and morbidity [1]. Several genetic studies reveal
pathways linking CAD and depression [2,3]. However, the underlying pathophysiology
especially peripheral alteration of catecholamines (CA) and inflammatory system and
reciprocal interaction, need further elucidation [4].

There is an on-going discussion on whether progression of arteriosclerosis is asso-
ciated with inflammatory processes [5]. Studies on statins support the hypothesis that
the development of arteriosclerosis is caused by inflammation. In fact, rosuvastatin low-
ers the level of C-reactive protein (CRP) and the incidence of cardiovascular events in
healthy patient [6], and simvastatin has been shown to prevent accumulation of monocytes
through the monocyte chemoattractant protein-1 (MCP-1) [7]. High levels MCP-1 are asso-
ciated with negative effects on CAD like progression of arteriosclerosis through triggering
inflammatory processes [8-11].

CA are possible candidates altering inflammatory processes [12]. Increased plasma
levels of CA have been reported in clinical conditions such as congestive heart fail-
ure or myocardial infarction [13] with a CA-related change to pro-inflammatory and
platelet-related pro-coagulatory responses, ultimately resulting in low-grade vascular
hyper-inflammation [14,15]. Excessive CA responses could cause myocardial damage
through inflammation. Genetic studies reveal a pathological link between inflammation
and CA and an association to cardiovascular risk factors like BMI and hypertension [16]. A
model for the development of CAD suggests that both inflammation and changes in the
CA system are essential [17]. An investigation on men with carotid plaques support the
link between dysfunction in the CA system in association with inflammation [18]. Acute
stress might even trigger the rupture of arteriosclerotic plaques through the imbalance of
the CA system [19]. In summary, both inflammation and CA play an important role in the
development and progression of CAD, and there is evidence that high levels of the CA are
related to a pro-inflammatory state.

Genetic studies and experimental data linking cardiovascular diseases and depression
and neuroimmunology might play a key role in the underlying pathology [20]. Data
supporting the role of inflammation in depression are extensive: depression is associated
with increased inflammatory biomarkers like elevated CRP and Interleukin 6 (IL-6) [21-23],
and a pro-inflammatory state might worsen the outcome of depression [24]. A recent
metanalysis characterized an inflammation profile in depression with elevated IL-6, tumor
necrosis factor (INF)-alpha, other cytokines, and chemokines [21]. In line with these data,
antidepressant treatment significantly decreased TNF-alpha and IL-6 [25-27].

Changes in the homeostasis of the sympathetic nervous system characterized by sym-
pathetic overactivity and/or vagal suppression is well documented in depression [20,28,29].
A recent study discussed a parasympathetic predominance as a risk factor for developing
depression [28]. Results on norepinephrine levels are conflicting, since unchanged [30] and
increased plasma norepinephrine levels were reported [31]. Likewise, both reduced [30]
and increased urinary norepinephrine excretion have been observed [31].

Only a few studies, however, have been dedicated to the examination of the CA
system, in order to elucidate on a possible pathophysiological link between depression and
CAD. Elevation in the heart rate (HR) and a reduction in HR variability have been widely
shown in depressed patients, both with and without CAD [32,33] and linked with cardiac
mortality after myocardial infarction [34].

A review by Benarroch gives a new insight to a sympathetic-cholinergic anti-inflammatory
pathway with suppression of anti-inflammatory cytokines [35]. Therefore, any imbalance
in the CA system with a shift to a pro-inflammatory setting might be a potential patho-
physiological link to understand the higher mortality and morbidity in patients with CAD
and comorbid depression [36], indicating that both disturbed adrenergic neurotransmit-
ter pathways and chronic inflammation conditions have an influence on the genesis and
progression of the arteriosclerosis [20,21,37].
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Therefore, the present study aimed to clarify the association between depression and
CAD, inflammation and stress in the CA system. The first aim was to detect an altered stress
response in patients with depression. For this purpose, we used a social stressor, the Trier
Social Stress Test (TSST), as there is substantial evidence that social stress may be even more
significant than e.g., physical stress [27]. A second aim was to elucidate the association
between inflammation and the CA system, which might alter the balance of inflamma-
tion markers. Therefore, we investigated the baseline and acute social stress-induced
activation of the adrenomedullary system and dopamine autocrine/paracrine system in
a CAD patient group with (+D+CAD) and without depressive symptoms (—D+CAD),
and compared them to both patients suffering from depressive symptoms without CAD
(+D—CAD) and healthy controls (—D—CAD). To evaluate the effect of the CA system on
the pro-inflammatory state, we examined plasma IL-6, hsCRP, and MCP-1 at baseline and
during as well as after the acute social stress-induced activation. We hypothesized that
(i) the peripheral CA-system is altered in patients suffering from depression and, (ii) the
alteration of the peripheral CA-system is linked to a pro-inflammatory state.

2. Material and Methods
2.1. Participants

The study was approved by the local Ethics Committees of the Faculty of Medicine,
University of Ulm and Medical University of Hanover, Germany, and was conducted
according to the Declaration of Helsinki. After full description of the study, all study
participants signed informed consent before the TSST and registration at the laboratory.

Ninety-three subjects participated in the study. Based on the results of the depression
subscale of the Hospital Anxiety and Depression Scale (HADS, German Version) and the
diagnosis CAD, they were divided into four groups: Forty-seven patients suffered from
CAD and were recruited from the cardiovascular wards. Recent coronary angiograms
confirmed the presence of CAD and were performed within 6 months prior to the study.
Twenty-three depressed patients without CAD were recruited in the psychiatric or psy-
chosomatic departments of the University of Ulm. Twenty-three healthy subjects were
recruited by advertising in newspapers and flyers and were individually matched for
gender and age before participating in the study. Medical diagnoses of all patients were
made based on clinical observation and medical records. Quantities of cardiac and an-
tidepressant medications were recorded, and Canadian Cardiovascular Society (CCS) and
New York Heart Association functional (NYHA) classifications were determined. Exclu-
sion criteria included significant major medical illnesses likely to confound acute stress
hormone levels, pregnancy, other Axis I psychiatric diagnoses as well as current psychotic
symptoms or drug/alcohol abuse. Female subject parameters were taken either at days 1-3
of regular menstrual cycles or after menopause. Hormonal contraceptives or treatments
were excluded.

2.2. Procedure

Subjects reported to the laboratory between 8:00 and 9:00 a.m. Height and weight
were recorded, and body mass index (BMI) was calculated according to standard formula.
We applied the standard protocol of the widely used TSST [28] which reliably induces a
twofold to threefold neuroendocrine and cardiovascular response. The TSST combines
a social and cognitive stressor comprising a 5-min anticipatory stress following a short
introduction and 5-min public speech (simulated job interview) and five minutes of mental
arithmetic calculation, both done in front of an audience. After the TSST, subjects were
asked to remain seated in a quiet room for another 60 min to recover.

For assessment of circulating neuroendocrine markers, a peripheral venous catheter
was inserted immediately after registration followed by a 60 min resting period to avoid
changes in neuroendocrine markers due to the pain of puncturing. Immediately before and
after the stress test as well as 5, 15, 30, and 60 min after the whole procedure, blood was
drawn into EDTA-coated monovettes (ethylenediaminetetraacetic acid; Sarstedt, Nuem-
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brecht, Germany) to determine total plasma epinephrine, norepinephrine, and dopamine
levels. Blood pressure (BP) and heart rate were recorded seated at the blood sampling time
points (boso-medicus control, Jungingen, Boso, Germany). Mean arterial blood pressure
(MAP) was calculated using the standard formula.

2.3. Blood Sampling and Biochemical Analyses

Monovettes were centrifugated at 3000 revolutions per minute (rpm) at +4 °C for
10 min, and the plasma was stored at —80 °C for further analysis. Epinephrine, nore-
pinephrine and dopamine concentrations were measured by high-pressure liquid chro-
matography (HPLC; Chromsystems, Gréfelfing, Miinchen, Germany). The detection limits
for all parameters were <15 ng/L. Within-assay coefficients of variance (CV) were 7.9% for
epinephrine, 3.9% for norepinephrine, and 11.4% for dopamine. Between-assay CVs were
6.5% for epinephrine, 5.9% for norepinephrine, and 12.7% for dopamine. Plasma concentra-
tions of MCP-1, IL-6 and hs-CRP were measured by enzyme-linked immunosorbent assay
(ELISA) (MCP-1 and IL-6: Human Quantikine ELISA, R&D Systems, Minneapolis, MN,
USA; hs-CRP: IBL International, Hamburg, Germany) according to the manufacturer’s
protocols. The sensitivity of the assays was 10 pg/mL for MCP-1, 0.70 pg/mL for IL-6, and
0.02 pg/mL for hs-CRP. Mean inter- and intra-assay CVs were <8%.

Plasma concentrations of MCP-1, IL-6, epinephrine, norepinephrine and dopamine
were quantified prior to and 5, 15, 30, and 60 min after the stress test. Since hs-CRP is
not influenced by stress, it was only measured prior to TSST. We focused especially on
inflammatory markers which might be linked to catecholamines, depression and CAD and
might reflect a pro-inflammatory state, i.e., hs-CRP as a general marker for inflammation,
IL-6 as cytokine, and MCP-1 as chemokine.

Due to technical issues we had missing data for IL-6 and MCP-1 (+D+CAD: IL-6:
n =19, MCP-1: n = 21, hs-CRP: n = 20, —D+CAD: IL-6: n = 21, MCP-1: n = 25, hs-CRP:
n=25,+D—CAD: IL-6: n =20, MCP-1: n =22, hs-CRP: n =22, —-D—CAD: IL-6: n = 12, MCP-
1: n =13, hs-CRP: n = 13). There was one missing data for epinephrine, norepinephrine,
and dopamine in —D—CADand —D+CAD.

2.4. Psychometry
2.4.1. Assessment of Depression

The German version of the 7-item hospital anxiety and depression scale (HADS) was
used to rate symptom levels of depression, giving rise to a total depressive symptom score
between 0 and 21. HADS values were 8-10 for mild, 11-14 for moderate, and 15-21 for severe
depressive moods. Results of the HADS symptom scores are summarized in Table 1. The
Structured Clinical Interview for DSM-IV (SCID-IV) to evaluate the diagnosis of depression
was carried out with all participants. Thirty-two patients met the DSM-IV criteria for major
depression, 7 patients for major depression in the last few months in partial remission, and
5 patients for dysthymia. Seven patients also met DSM-IV criteria for an anxiety disorder,
2 for panic disorder, and 1 for anxiety not otherwise specified (NOS).

2.4.2. Assessment of Anxiety, Stress and Physical Symptoms

Psychological stress is associated with anxiety and induces physical symptoms. De-
pression and anxiety are closely linked. In order to test the effectivity of induced psycho-
logical stress and to control for possible confounding variables, we used the following
questionnaire: (1) State-Trait Anxiety Inventory (STAI) was developed by Spielberg (Ger-
man version translated by Laux, [38]). We only used the state form of the questionnaire.
Patients rated their actual level of anxiety on a four-digit scale and the questionnaire
consists of 20 items. (2) Primary Appraisal Secondary Appraisal (PASA) is based on the
appraisal theory of Lazarus and focused on cognitive evaluation of the situation. PASA was
developed by Gaab and consists of 16 items with a sixth-digit scale [39]. (3) Complaint-list
(Beschwerdenliste (BL) Hogrefe Testzentrale: Herbert-Quandt-Str. 4, 37081 Gottingen,
Germany) was developed by Zerssen 1976 and consists of 24 items. The Complaint-list
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is assessing physical symptoms like Fatigue, weakness, pyrosis, et cetera on a four-digit
scale [40].

Table 1. Psychological data.

+D—CAD (n =23)

+D+CAD (n =21)

—D+CAD (n = 26)

—D—CAD (n =23)

BL 32.3 + 10.1 (17-55) 27.9 + 11.6 (3-50) 14.4 £ 10.7 (1-37) 9.5 + 7.7 (0-24)

HADS anxiety 12.5 + 3.3 (3-18) 10.7 + 4.2 (3-18) 5.7 + 3.5 (0-12) 3.7 +2.6(0-9)

HADS depression 11.9 + 3.9 (8-18) 11.1 + 2.4 (8-15) 3.6 + 2.4 (0-7) 2.0 £ 1.9 (0-7)
PASA threat 3.6 + 13 (1.3-5.8) 34+ 1.2 (1.0-6.0) 2.7 + 1.0 (1.0-5.0) 2.5+ 1.0 (1.0-4.3)
PASA challenge 44 +0.7(3.0-5.3) 3.9 + 1.0 (1.8-6.0) 3.9 + 0.8 (2.8-5.5) 3.8 +0.7 (2.3-5.0)
PASA primary appraisal 4.0+ 09 (2.4-5.4) 3.7+ 1.0 (1.4-5.8) 3.3+ 0.8 (2.3-4.8) 32+ 0.7 (2.0-4.4)
PASA self-concept 3.5 + 1.4 (1.0-5.5) 41+ 1.0(25-5.8) 4.1+ 1.3 (1.0-6.0) 44 +12(1.8-6.0)

44+ 09 (3.0-6.0)
4.0+ 09 (2.4-5.3)

45+ 0.7 (3.0-6.0)
43+ 0.7 (3.4-5.4)

5.1 + 0.8 (3.0-6.0)
4.6+ 0.9 (2.9-6.0)

49 £ 0.9 (1.8-6.0)
47 + 0.8 (2.9-5.8)

PASA control expectancy
PASA secondary appraisal

PASA stressindex 0.02+1.7(—2.6-2.8) —07+14(—4.0-1.1) —14+14(-38-14) —15+1.3(-3.8-0.9)
STAI S1 53.6 = 10.4 (32-73) 40.6 £ 9.9 (29-64) 32.6 £ 9.6 (20-58) 30.7 &£ 7.7 (21-44)
STAIS2 56 + 11.9 (34-77) 47.3 + 9.8 (27-66) 39.6 + 13.1 (22-66) 31.9 £ 9.3 (21-58)

BL: Beschwerdenliste; HADS: Hospital Anxiety and Depression Scale; PASA: Primary Appraisal Secondary Appraisal; STAI: State-Trait
Anxiety Inventory.

2.5. Statistical Analyses

Data were analysed using SPSS statistical software package version 25.0 (SPSS Inc.,
Chicago, IL, USA). Testing was two-tailed with the significance level set at p < 0.05. All
results are shown as mean =+ standard deviation (SD). CCS and NYHA data are given as
means =+ interquartile range (IQR). Normal distribution of data was tested by nonpara-
metric Kolmogorov-Smirnov test. Greenhouse-Geisser correction for repeated measures
was applied. Since CA markers and HADS depression score were normally distributed,
analyses were realized as follows: Univariate analyses of variance were calculated across
the four subject groups (+D+CAD, +D—CAD, —D+CAD, —D—CAD) with group as in-
dependent and baseline CA as dependent variables. Differences in CA stress reactivity
between the four groups were calculated by ANCOVAs for repeated measures with group
being the independent variable with four characteristics (4 groups) and the CA markers
(i.e., epinephrine, norepinephrine, and dopamine) being repeated dependent variables
(5 repetitions). To prevent overcontrolling given our sample size, we first controlled for age,
gender and beta-blockers as three a priori defined covariates known to significantly influ-
ence stress reactivity. Secondly, BMI, antidepressants, ACE inhibitors, and AT1-antagonists
were tested separately in order to eliminate potential medication-related effects. Since
inflammatory markers were not normally distributed, we calculated partial correlation
with age, gender, and BMI as three a priori defined confounding variable to explore the
association between inflammation markers and CA system. We separately controlled for
medication (antidepressants, ACE inhibitors, and AT1-antagonists, statins).

3. Results
3.1. Subjects” Characteristics

Table 2 presents the biological characteristics of the four groups. BMI of (+D+CAD)
patients was significantly higher when compared to (-D+CAD) and (—D—CAD) (p < 0.01)
and (+D—CAD) patients (p < 0.05). (—D+CAD) patients were significantly older (p < 0.01)
than the other study groups. MAP and HR showed comparable stress-induced increases
in all groups. The CCS classification was 1.5 £ 1 in (+D+CAD) and 1.2 &+ 0 in (—D+CAD)
patients. NYHA classification was 1.4 £ 1 in both CAD groups.
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Table 2. Biological characteristics.
+D—CAD (n =23) +D+CAD (n =21) —D+CAD (1 = 26) —D—-CAD (n=23)
Age (y) 50 4 7.3 (39-69) 56 + 8.6 (41-72) 63 £ 9.6 * (44-75) 52 4 8.4 (41-71)
Gender (m/f) 18/5 18/3 21/5 20/3
BMI (kg/m?) 2734+32(193-32.7) 297 +£35(21.3-367)% 268 +3(19.9-32.1) 26.4 4 2.9 (21.0-33.1)
CCs 15+1 1.2+0
NYHA 14+1 14+1

* p < 0.05 vs. the other three groups, # p < 0.05 vs. (—D—CAD) and (—D+CAD) groups. Values are given as means + SD (range), for CCS
and NYHA data are given as means £ IQR. m, male; f, female; BMI, body mass index; CCS, Canadian Cardiovascular Society grading;
NYHA, New York Heart Association functional classification.

Table 1 summarizes the psychological data of the four groups. The highest score
in BL was found in the (+D—CAD) group with significantly higher values compared to
the (=D+CAD) and (—D—CAD) groups (p < 0.000). STAI S1 showed the highest scores
in the (+D—CAD) group compared to the other three groups (p < 0.000) followed by the
(+D+CAD) group compared to the (—D+CAD) and the (—D—CAD) groups (p = 0.029
and p < 0.005, respectively). Again, STAI 52 values were the highest in the (+D—CAD)
group compared to the (—D+CAD) and the (—D—CAD) groups (p < 0.000). STAI S2 values
of the (+D+CAD) group were significantly higher compared to the (—D—CAD) group
(p < 0.000). Significant differences between the groups were found in the PASA stress index
with again the highest values in the (+D—CAD) group compared to the (—D+CAD) and
the (—D—CAD) groups (p = 0.009 and p = 0.003), respectively.

Table 3 summarizes the drugs of the four groups. In the (+D—CAD) group, 61%
reported to take antidepressants and 4% to take beta-blockers. The (+D+CAD) group
reported to take antidepressants (24%), beta-blockers (71%), angiotensinconverting-enzyme-
(ACE)-inhibitors (81%), and Angiotensin II receptor type-(AT1)-antagonists (14%). The
(=D+CAD) group reported to take beta-blockers (86%), ACE-inhibitors (73%), and AT1-
antagonists (23%). The (—D—CAD) group reported to have no drug treatment.

Table 3. Summary of the drugs.

+D-CAD +D+CAD —D+CAD —D—-CAD
(N =23, n/%) (N =21, n/%) (N =26, n/%) (N =23, n/%)

3 blockers 1(4) 15 (71) 23 (86) 0 (0)
ACE-inhibitors 0(0) 17 (81) 19 (73) 0(0)
AT1l-antagonists 0(0) 3(14) 6 (23) 0 (0)
Ca-antagonists 0(0) 4(19) 5(19) 0 (0)
diuretics 0 (0) 13 (62) 9 (35) 0 (0)
Statins 1(4) 19 (91) 24 (92) 0 (0)
Antidepressants 14 (61) 5 (24) 0(0) 0 (0)

N & n, number; ACE: angiotensinconverting-enzyme; AT1: Angiotensin II receptor type 1; 3: beta; Ca: calcium channel.

3.2. SAM-Axis at Baseline and during Stress Response

A significant main group effect (F(3; 83) = 3.63, p = 0.016) was found for epinephrine
when controlling for age, gender, and beta-blockers, including the four groups. Epinephrine
levels were significantly lower in the (+D—CAD) (F(1; 39) = 5.73, p = 0.022) and the
(+D+CAD) groups (F(1; 38) = 4.63, p = 0.038) when compared to the (—~D—CAD) group.
Neither significant main time (F(1.9; 160.1) = 1.07, p = 0.342) nor main group-by-stress inter-
action effects (F(5.8; 160.1) = 1.13, p = 0.349) were found for epinephrine. Additional adjust-
ments for cardiovascular and antidepressant drugs as covariates did not significantly affect
the results. For dopamine levels, there was a significant time (F(2.4; 201.6) = 4.94, p = 0.005)
as well as a group effect (F(3; 83) = 3.62, p = 0.016) with significantly lower dopamine levels
in the (+D—CAD) when compared to the (—D—CAD) group (F(1, 39) = 9.50, p = 0.004)
and a trend to lower dopamine levels compared to the (—D+CAD) group (F(1; 42) = 3.35,
p = 0.075). No significant group-by-stress interaction effect for dopamine was found
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(F(7.3;201.6) = 1.70, p = 0.108). Again, no significant changes in the results were seen after
additional adjustments for cardiovascular and antidepressant drugs as covariates. Nore-
pinephrine values showed a time effect (F(2.4; 198.5) = 4.27, p = 0.011); however, no group
(F(3; 83) = 1.68, p = 0.178) or group-by-stress effects (F(7.2, 198.5) = 1.05, p = 0.398) were
detectable between the four groups. Figures 1-3 describe the time course of SAM-Axis.
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Figure 1. Boxplot of epinephrine for each measurement time. Circle: ordinary outliner defined as one
and a half boxlength, asterisk: extreme outliner defined as above one and a half to threefold boxlength.
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Figure 2. Boxplot of dopamine for each measurement time. Circle: ordinary outliner defined as one
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Figure 3. Boxplot of norepinephrine for each measurement time. Circle: ordinary outliner defined as
one and a half box-length, asterisk: extreme outliner defined as above one and a half to threefold
box-length.
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3.3. SAM-Axis and Inflammatory Markers

Figures 4 and 5 describe the time course of IL-6 and MCP-1. At baseline, significant
partial correlations were found between MCP-1 and norepinephrine (r = 0.47, p = 0.03),
MCP-1 and epinephrine (r = 0.46, p = 0.04), IL-6, and dopamine (r = 0.54, p = 0.04) in
patients with —D+CAD. Five minutes after stress, a significant partial correlation between
norepinephrine and MCP-1 (r = 0.44, p = 0.05) in patients with —D+CAD was visible.
No other significant group effects, interaction effects, or correlations were detected. After
additional adjustment for medication, significant correlations only remained between MCP-
1 and norepinephrine and between MCP-1 and epinephrine prior to TSST (at baseline).
In particular, when adjusting for statins and AT1-antagonists, the partial correlations
between norepinephrine and MCP-1 and between IL-6 and dopamine no longer showed
significance. No group effect was found at baseline for hs-CRP (+D+CAD: 3.2 mg/L + SD:
49, —-D+CAD: 1.4 mg/L, £SD: 1.1, +D—CAD: 2.1 mg/L, + SD: 2.8, —-D—CAD: 2.0 mg/L,
+ SD: 3.5).
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Figure 4. Boxplot of Interleukin 6 for each measurement time. Circle: ordinary outliner defined as
one and a half boxlength.
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Figure 5. Boxplot of Monocyte chemoattractant protein 1 for each measurement time. Circle: ordinary
outliner defined as one and a half boxlength.

4. Discussion

In our study, we used a well-established social stress test, which enabled us to study
baseline and stress-induced stress-hormone changes with a high level of consistency [41].
Using this method, we were able to compare epinephrine und dopamine plasma levels
in the four patient groups, in order to study both the influences of depression and CAD
on the peripheral CA system and inflammation markers. The main results were that:
(i) epinephrine and dopamine plasma levels were lower at baseline in the depressed
patients regardless of CAD status ((+D—CAD) and (+D+CAD)) when compared to the
non-depressed groups ((—D+CAD) and (—D—CAD)), whereas norepinephrine levels were
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not affected; and (ii) during acute social stress, CA responses were maintained in all groups,
which indicates a preserved ‘fight or flight’ response to social stress.

Our results suggest a peripheral deficit in the adrenergic hormonal and dopamine
autocrine/paracrine systems due to depression. Interestingly, albeit CA concentrations
were lower at baseline in the depressed patient groups, social stress responses were main-
tained in the peripheral CA system in all groups. This is consistent with numerous studies
that show that the CA-related ‘fight-or-flight” response is highly preserved [42—44]. Only
few studies focused on peripheral CA levels in relation to depression. Human studies
on the relationship between plasma epinephrine and dopamine and depression are rare,
and results show high inconsistencies due to complex in vivo processes of CA release
and degradation [30,31,45,46]. Depression is sometimes described as being related to a
peripheral hyper-responsiveness to norepinephrine [47], and increased norepinephrine
plasma levels [48]. The latter result is in contrast to our finding of unchanged baseline
norepinephrine levels. However, these authors investigated younger subjects (mean age
36.9 vs. 50 and 56 in our +D—CAD and +D+CAD groups, respectively) without any contin-
uous medication [47]. Since all CAD patients have to take medication, we could not study
CAD patients without medication. We controlled for putative medication effects, and in all
CAD patients, the stress reactivity was preserved. Hence, our results might not relate to
young, but otherwise cardiovascular healthy patients with depression. Beta-blockers in
particular influence the norepinephrine levels [49]. Since they are frequently used in CAD
patients due to well-established positive effects on long-term outcome [50], this indicates
an important role of medication on norepinephrine levels, and thus may also explain the
conflicting results. Recently, animal studies revealed impaired adrenal medullary function
with lower epinephrine plasma levels in a model of depression due to chronic stress [51].
In addition, Lechin et al. [52] described maximum neural sympathetic activity as well as
sympathetic hypoactivity of the adrenal glands in patients with major depression when
compared to healthy controls. Hence our results could point towards CA exhaustion.

Dopamine is one of the main monoamine neurotransmitters in the brain and plays
an important role in the pathophysiology of depressive disorders. However, the sources
and pathophysiological role of dopamine outside the brain are not fully investigated. One
possible source of plasma dopamine are sympathetic noradrenergic nerves [53], so the
result of lower dopamine level would suggest a CA exhaustion as well.

Several lines of evidence suggest that dopamine may act as a regulator of local or-
gan function [54]. Peripheral dopamine plasma values are rarely reported in scientific
literature, despite the fact that the dopaminergic system plays an important role in the
cardiovascular system [44]. Dopamine might play a role in hypertension [55] and the role
of a dopaminergic renal system in hypertension is discussed [56]. A recent study showed
an inverse correlation between plasma dopamine and C-peptide concentrations in patients
with diabetes, emphasizing modulating effects [57]. Therefore, a dopamine imbalance may
point towards insufficient controlled risk factors in patients with depression and CAD. In
patients with depression only, it might indicate the risk for hypertension and diabetes.

Immunosuppressive effects of catecholamines have been demonstrated both in vitro
and in vivo during endotoxemia in human volunteers [12,58,59]. We could not demonstrate
a link between lower epinephrine and dopamine levels at baseline or stress. This might be
due to antidepressant medication, which per se could alter inflammation markers [25-27].
Antidepressant medication could decrease peripheral markers like IL-6 [60]. Therefore,
missing the link between CA and inflammation in depression in our study might be due
to antidepressant medication. A pro-inflammatory state is more common in atypical
depression compared to melancholic depression [21]. We did not distinguish between
atypical and melancholic depression and missed a chance to detect a pro-inflammatory
state. Furthermore, missing the link between CA and inflammation could have occurred to
the assay method we used for the inflammatory markers.

We could show a significant positive correlation between epinephrine, norepinephrine
and MCP-1, which plays a major role for the development of arteriosclerosis [61], in
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patients with CAD. At rest, norepinephrine and epinephrine levels were directly related
to MCP-1 concentrations in patients with CAD, indicating a link between the CA and
inflammation. Only few studies focused on a possible association between epinephrine
and MCP-1, and could establish a direct correlation, which is in accordance with our
study [62,63]. In CAD patients, MCP-1 is mainly associated with negative effects like
progression of inflammatory arteriosclerosis by activation of macrophages and monocytes,
and high levels of MCP-1 are both associated with risk of CAD and inflammation [8-11].
In addition, beta-blockers influence the level of inflammation markers like IL-6, MCP-1,
TNF-«, and TNF-f31 through blocking interleukin-13 [64]. Statins might prevent excessive
monocyte recruitment through MCP-1 [7]. Finally, AT2-antagonists have been referred
to for MCP-1 as well [65]. We showed that the association between norepinephrine and
MCP-1 after the TSST was affected by medication, pointing towards a disease-modulating
aspect of these drugs. The importance of modifying the norepinephrine response by drugs
is demonstrated by the discussion of adrenergic escape being a risk factor for therapeutic
failure in chronic heart failure [49].

We could demonstrate that the peripheral CA-system is altered in patients suffering
from depression, but we missed the chance to link this alteration to a pro-inflammatory
state in depression, especially in patients with CAD and depression. This might be due
to the disease modifying aspects of the drugs that these patients took. In this study, we
could only focus on some candidates of the inflammatory system, which might be linked
to catecholamines, depression and CAD, i.e., IL-6 and MCP-1. However, there are other
cytokine (e.g., interleukin-1, tumor necrosis factor-alpha) [66,67] which might better reflect
allostatic changes in depression and CAD.

The main limitation of this study is a low sample size, however, other experimental
studies using the TSST have similar sample sizes [68-73]. Since more male patients suffered
from CAD, we could only include a few female subjects. These results apply primarily
to male patients. There was a significant age and BMI difference between the groups. In
particular, BMI might modulate the effects of an inflammatory system.

5. Conclusions

The main results that we found are reduced circulating epinephrine and dopamine
levels in depression, regardless of the CAD status. This might reflect CA exhaustion. In
patients with CAD and without depression, epinephrine might play a role in inflammation,
especially through MCP-1, and drugs might have a disease-modulating effect through
epinephrine. We could not confirm an association of CA system and inflammation in
depression with and without stress.

Further studies should focus on peripheral change in the CA system in depression.
This might elucidate the pathophysiology of bodily symptoms in depression. Studies
should focus on the mutual effect of CA system and inflammation, as such an interaction
could explain the negative effects of depression on CAD. In this context, the effects of
antidepressant drugs should be investigated further.
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