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Abstract

Anticipatory cognitive stress appraisal (ACSA) can affect the stress-induced release of stress hormones, which, in turn,

can modulate microbicidal potential of macrophages. This study examines whether ACSA modulates wound-induced

activation of macrophage microbicidal potential in 22 acutely stressed compared to 17 nonstressed healthy men. After

catheter-induced wound infliction and completing the ACSA questionnaire, the stress group underwent an acute mental

stress task, while the nonstressed group did not. Macrophage microbicidal potential and stress hormones were repeatedly

measured. In acutely stressed men, but not in nonstressed men, higher scores in ACSA related to lower macrophage

microbicidal potential. This association was statistically mediated by the norepinephrine (NE) stress response. Our data

suggest that ACSA modulates stress-induced suppression of wound-induced macrophage activation and that the NE

stress response underlies this effect.

Descriptors: Cognitive stress appraisal, Acute psychological stress, Macrophages, Microbicidal potential, Wound
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Different research paradigms provide converging evidence that

both acute and chronic psychological stress substantially delays

skin wound healing (Gouin & Kiecolt-Glaser, 2011; Walburn,

Vedhara, Hankins, Rixon, & Weinman, 2009). While associations

between stress-induced delay of wound healing and dysregulated

immune responses in the initial inflammatory phase of wound

healing are well documented (Sroussi, Williams, Zhang, Villines,

& Marucha, 2009; Tymen et al., 2013; Williams, Sroussi,

Abercrombie, Leung, & Marucha, 2012), the underlying psycho-

biological mechanisms of this stress effect are not fully understood

(Gouin & Kiecolt-Glaser, 2011).

We recently found that wound-induced activation of

microbicidal potential (i.e., superoxide anion production) of human

macrophages is suppressed by acute psychosocial stress (Kuebler,

Wirtz, Sakai, Stemmer, & Ehlert, 2013). Macrophages are tissue-

resident immune cells that are derived from blood monocytes.

During the initial inflammatory phase of wound healing, the phe-

notype of macrophages resembles the M1 phenotype (Daley,

Brancato, Thomay, Reichner, & Albina, 2010; Mahdavian

Delavary, van der Veer, van Egmond, Niessen, & Beelen, 2011).

M1 macrophages (also termed inflammatory macrophages) are

characterized by enhanced microbicidal activity, which is mainly

mediated by increased secretion of microbe-killing highly oxidiz-

ing agents, the so-called reactive oxygen species (e.g., superoxide

anion, hydrogen peroxide) and the reactive nitrogen species (e.g.,

nitric oxide; Gordon & Taylor, 2005). Animal studies indicate that

microbicidally active M1-like macrophages play a crucial role for

normal nondelayed wound healing (Lucas et al., 2010; Mori,

Kondo, Nishie, Ohshima, & Asano, 2004; Nagaoka et al., 2000;

Rojas, Padgett, Sheridan, & Marucha, 2002; Subramaniam et al.,

1997). Given the importance of microbicidally active M1

macrophages for nondelayed wound healing (Mahdavian Delavary

et al., 2011), our observed inhibitory effect of acute psychosocial

stress on microbicidal potential of macrophages may provide a

mechanism by which stress might delay skin wound healing.

While we previously found the norepinephrine (NE) stress

response to modulate suppressive effects of stress on wound-

induced activation of macrophage microbicidal potential, little is

known about potential underlying psychological mechanisms. Pre-

vious findings from our group suggest a role for cognitive pro-

cesses in modulating neuroendocrine stress responses following

psychosocial stress. Anticipatory cognitive stress appraisal based

on the theoretical constructs proposed by Lazarus and Folkman

(1984) not only emerged as a significant determinant of stress

hormone responses (Gaab, Rohleder, Nater, & Ehlert, 2005;
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Schlotz, Hammerfald, Ehlert, & Gaab, 2011) but also of inflamma-

tory activity of monocytes as macrophage precursor cells following

acute psychosocial stress (Wirtz, von Kanel et al., 2007). Notably,

a person with higher stress appraisal is supposed to anticipate the

stressor as more threatening and challenging (i.e., higher primary

appraisal) and to have less competence and control in coping with

the stressor (i.e., lower secondary appraisal; Gaab et al., 2005).

Whether cognitive stress appraisal may similarly modulate stress-

induced suppression of wound-induced macrophage activation has

not yet been investigated.

The objective of the current study was to investigate in a sec-

ondary analysis of our previous study (Kuebler, Wirtz et al., 2013)

whether anticipatory cognitive stress appraisal modulates the

observed wound-induced activation of macrophage microbicidal

potential in acutely stressed (stress wound group) compared to

nonstressed men (nonstress wound group). To preactivate circulat-

ing monocytes as precursors of later M1 macrophages in vivo, we

inserted a venous catheter long enough to supposedly initiate

wound-healing processes (Kuebler, Ehlert et al., 2013; Kuebler,

Wirtz et al., 2013). For psychosocial stress induction, we used the

Trier Social Stress Test (TSST), which evokes profound psycho-

logical and physiological stress responses in a highly standardized

and reliable manner (Dickerson & Kemeny, 2004; Kirschbaum,

Pirke, & Hellhammer, 1993). M1 macrophage microbicidal poten-

tial was investigated by performing the WST-1 assay as previously

described (Kuebler, Ehlert et al., 2013; Kuebler, Wirtz et al., 2013).

The assay principle is based on the reduction of 2-(4-iodophenyl)-

3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-1)

by superoxide anions produced by phorbol 12-myristate 13-acetate

(PMA)-activated human monocyte-derived M1 macrophages

(HMDM). As acute stress induction by TSST reliably increases

anticipatory cognitive stress appraisal (Gaab et al., 2005; Het,

Rohleder, Schoofs, Kirschbaum, & Wolf, 2009; Wirtz, Elsenbruch

et al., 2007), we hypothesized that stress appraisal relates toWST-1

reduction in the stress wound group. We did not expect these

associations to be evident in the nonstress wound group because of

too low stress appraisal scores due to the lack of stress induction.

We further hypothesized that with increasing stress appraisal (i.e.,

increasingly higher primary appraisal in relation to secondary

appraisal) stressed men would show a stronger stress-induced sup-

pression of wound-induced activation of macrophage microbicidal

potential. We also tested whether a potential association between

stress appraisal and macrophage microbicidal potential would be

mediated by the NE stress response.

Method

Study Participants

The current study is a secondary analysis of a study investigating

effects of acute stress on wound-induced macrophage activation

within a larger project (Kuebler, Wirtz et al., 2013). The Ethics

Committee of the State of Zurich, Switzerland, formally approved

the research protocol.

Due to known gender and menstrual cycle phase-related altera-

tions in endocrine stress reactivity (Kirschbaum, Kudielka, Gaab,

Schommer, & Hellhammer, 1999) with potential consequences for

immune responses to stress, we recruited men only. From a total of

41 participants, 39 medication-free, healthy men between 20 and

50 years of age completed the questionnaire assessing anticipatory

cognitive stress appraisal. Participants were randomly assigned to

either a stress wound group (n = 22) or a nonstress wound group

(n = 17). Recruitment was carried out with the aid of the Swiss Red

Cross of the Canton of Zurich and through advertisements. Partici-

pants were in good physical and mental health, as confirmed by a

telephone interview. Explicit exclusion criteria were regular strenu-

ous exercise, smoking, alcohol and illicit drug abuse, any heart

disease, varicosis or thrombotic diseases, elevated blood sugar and

diabetes, elevated cholesterol, liver and renal diseases, chronic

obstructive pulmonary disease, allergies and atopic diathesis, rheu-

matic diseases, and current infectious diseases. If the personal or

medication history was not conclusive, the participants’ primary

care physician was contacted for verification. All participants pro-

vided written informed consent before participating in the study.

Reagents and Chemicals

We used the following reagents: Ficoll-Paque PLUS (Ficoll; no.

17-1440-02; GE Healthcare, Uppsala, Sweden); 2-(4-iodophenyl)-

3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-1;

no. 150849-52-8; Dojindo Laboratories, Kumamoto, Japan);

interferon-γ (IFN-γ; no. PHC4031; Invitrogen, Basel, Switzerland),

tumor necrosis factor-α (TNF-α; no. PHC3016; Invitrogen);

Hank’s balanced salt solution without phenol red (HBSS;

no. 14025050; Invitrogen); fetal bovine serum (FBS; no. 10106-

169; Invitrogen); lipopolysaccharide (LPS; no. L6529; Sigma-

Aldrich, Buchs, Switzerland); phosphate buffered saline (PBS;

no. P5368; Sigma-Aldrich); phorbol 12-myristate 13-acetate

(PMA; no. P8139; Sigma-Aldrich); RPMI-1640 medium with

glutamax (RPMI-1640; no. W9925E; Fisher Scientific, Wohlen,

Switzerland).

Study Protocol

Participants of the stress wound group and nonstress wound group

reported to the laboratory by 10 a.m. and had abstained from

extensive physical exercise, alcohol, and caffeinated beverages

during the previous 24 hr. Participants were given a calorically

standardized breakfast with comparable nutritional composition

before an indwelling venous catheter was inserted not only for

blood sampling but also to induce an open wound. The following

resting period of 165 min was intended to allow in vivo stimulation

of circulating monocytes by our applied open wound paradigm

(Kuebler, Wirtz et al., 2013). Notably, we previously validated our

open wound paradigm by comparing macrophage activity based on

blood samples obtained by short-term cannula insertion with

macrophage activity based on blood samples obtained by long-term

catheter insertion (for details, see Kuebler, Wirtz et al., 2013).

Moreover, our open wound paradigm is supported by previous

findings suggesting cytokine-stimulating effects of intravenous

catheter insertion (Haack et al., 2000). Next, participants of the

stress wound group were exposed to the TSST (Kirschbaum et al.,

1993), which comprises a short introduction followed by a 3-min

preparation period, a 5-min mock job interview, and a 5-min mental

arithmetic task (serial subtraction) in front of an unknown panel of

two persons. At the end of the preparation phase and immediately

before the beginning of the mock job interview, participants of the

stress wound group completed the self-report Primary Appraisal

Secondary Appraisal (PASA) scale (see below). In contrast, par-

ticipants of the nonstress wound group were told in a nonstress

introduction that they were required to stand in an empty room for

10 min. This standing period in parallel to the orthostatic position

during the TSST was intended to control for a possible confound-

ing influence of orthostatic stress. Moreover, participants of the
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Figure l. Experimental protocol. PASA = Primary Appraisal Secondary Appraisal scale; TSST = Trier Social Stress Test; CAT = catecholamines (i.e., 
norepinephrine, epinephrine); CORT = cortisol. 

nons tress wound group completed the PASA scale at the same time 
as participants of the stress wound group. Before and after TSST/ 
rest, participants remained seated in a quiet room. 

Blood samples for WST-1 reduction measurements were 
obtained immediately before (serving as baseline levels) and 1, 10, 
and 60 min after TSST/rest cessation. To determine catecholamine 
levels, blood samples were taken immediately before (baseline) 
and I, 10, and 20 min after TSST/rest cessation. For determination 
of salivary-free cortisol levels, samples of saliva were collected 
immediately before (baseline) and 1, 10, 20, 30, 45, and 60 min 
after TSST/rest cessation (see Figure I). To determine mean arte­
rial blood pressure (MAP), blood pressure (BP) was measured by 
sphygmomanometry (Omron 773; Omron Healthcare Europe B.V., 
Hoofdorp, Netherlands) immediately before and 40 min after inser­
tion of the venous catheter. MAP was calculated by the formula 
(2/3 mean diastolic BP) + (1/3 mean systolic BP). At the end of the 
experiment, participants were debriefed and participation was 
remunerated with 175 Swiss francs. 

Psychological Assessment 

Transactional stress questionnaire. Anticipatory cognitive stress 
appraisal processes were measured by self-report using the 16-item 
questionnaire for primary and secondary appraisal (PASA; Gaab, 
2009; Gaab et al., 2005). The PASA was designed to fit with the 
respective description of the transactional stress model proposed by 
Lazarus and Folkman (1984). The PASA comprises the scales 
"primary appraisal" (PA) and "secondary appraisal" (SA), as well 
as the global PASA scale, termed "stress index." The PASA primary 
appraisal scale comprises the dimensions "threat" and "challenge" 
and refers to a person's judgment about the significance of an event 
as stressful, positive, controllable, challenging, or irrelevant. The 
PASA secondary appraisal scale combines the dimensions "self­
concept" and "control expectancy" and assesses available coping 
resources and options when faced with the stressor. Each of the 
PASA scales comprises eight items that are rated on a 6-point 
Likert scale (ranging from I = strongly disagree to 6 = strongly 
agree). The global PASA stress index scale combines the two 
PASA scales (i.e., primary and secondary appraisal) by the follow­
ing formula: (primary appraisal: threat+ challenge) - (secondary 
appraisal: self-concept+ control expectancy). The stress index pro­
vides an integrated measure of transactional stress perception with 
a possible score range of - 20 to 20. Higher scores in the stress 

index mean higher stress appraisal. The questionnaire has good 
psychometric properties (Gaab et al., 2005) and Cronbach's alphas 
of our sample (N = 39) were .81 (primary appraisal) and .81 (sec­
ondary appraisal). PASA data were analyzed according to the 
analysis instructions proposed by the author (Gaab, 2009). 

Chronic stress questionnaire. Chronic stress was measured using 
the 12-item Chronic Stress Screening Scale (CSSS; Schulz, 
Schlotz, & Becker, 2004). The CSSS assesses the frequency of 
e;o;periencing work overload (4 items), worries (4 items), lack of 
social recognition (2 items), excessive demands at work (1 item), 
and social overload (1 item). The items have a 5-point rating format 
reflecting frequency (ranging from 0 = never to 4 = very often). 
Higher scores mean higher chronic stress. The questionnaire has 
good psychometric properties (Schulz et al., 2004), and 
Cronbach's alpha in our sample was .90. 

Physiological Assessment 

WST-1 macrophage assay. The method used to study 
microbicidal potential of ex vivo isolated HMDM is based on that 
described by Kuebler and colleagues (Kuebler, Ehlert et al., 2013). 
In brief, 9 ml of blood were collected in EDT A-coated tubes 
(Sarstedt, Numbrecht, Germany), immediately layered on top of 
10 mi Ficoll, and centrifuged for 20 min at 300 X g and 20°C. After 
centrifugation, peripheral blood mononuclear cells (PBMCs) were 
removed from the interface, washed twice in RPMI-1640 medium, 
counted with a hematologic analyzer (KX-21N; Sysmex Digitana 
AG), and resuspended to a concentration of 2.5 x IQ6/ml with 
RPMI-1640 medium supplemented with 10% PBS. Then, PBMC 
suspension aliquots of 1 ml were transferred to 24-well cell culture 
plates (no. 4609; Semadeni, Ostermundigen, Switzerland). After 
incubation for 1 hr at 37°C and 5% C~, the supernatant was 
discarded and the plate surface was rinsed five times with 1 ml of 
warm (25°C) O.OlM PBS to remove nonadherent PBMCs, while 
rnonocytes remained adherent to the bottom of the plate. 

The adherent monocyte layer was diluted with 1 ml RPMI-1640 
medium supplemented with 10% PBS. Subsequently, we added 
5 !J.l IFN-y, 2 !J.l TNF-a, and 0.5 !J.l LPS resulting in a final con­
centration of 50 nglrnl IFN -y, 20 nglrnl TNF-a, and 300 ng/ml LPS 
to promote differentiation of monocytes into inflammatory 
macrophages (Gordon & Taylor, 2005; Martinez, Sica, Mantovani, 
& Locati, 2008). After incubation for 48 hr at 37°C and 5% COz, 



the supernatant was discarded and the adherent macrophage layer

was washed three times with 1 ml of warm (25°C) 0.01M PBS to

remove traces of culture media and nonadherent cells.

Next, the resulting macrophage monolayer (obtained as

described above) was overlaid with 1 ml HBSS. Subsequently, 2 μl

WST-1, 0.5 μl LPS, 5 μl IFN-γ, 2 μl TNF-α, and 0.5 μl PMAwere

added, resulting in a final concentration of 100 μM WST-1,

300 ng/ml LPS, 50 ng/ml IFN-γ, 20 ng/ml TNF-α, and 50 nM

PMA. This was followed by an incubation period of 4 hr at 37°C

and 5% CO2. Then, the supernatant was removed and used to

determine WST-1 reduction by reading the optical density (OD)

with a spectrophotometer (SmartSpec Plus, Bio-Rad Laboratories,

Inc.) at 450 nm against water as blank. Higher ODs as obtained in

absorbance reading are associated with higher amounts of reduced

WST-1 and thus of superoxide anions generated by HMDM.

Stress hormone assays. For NE and epinephrine (EPI) assess-

ment, venous blood was drawn in EDTA-coated monovettes

(Sarstedt, Numbrecht, Germany), and immediately centrifuged for

10 min at 2,000 × g and 4°C. Obtained plasma was stored at −80°C
until analysis. Plasma NE and EPI levels were determined by

means of high-pressure liquid chromatography (HPLC) and elec-

trochemical detection after liquid-liquid extraction (Ehrenreich

et al., 1997; Smedes, Kraak, & Poppe, 1982) in the Laboratory for

Stress Monitoring (Göttingen, Germany). For both NE and EPI, the

detection limit was 6 pg/ml, and inter- and intraassay coefficients

of variance (CVs) were < 5%.

For salivary-free cortisol assessment, saliva samples were col-

lected in Salivettes (Sarstedt, Sevelen, Switzerland) and stored at

−20°C until analysis. Centrifugation of thawed saliva samples was

at 2000 × g, yielding low-viscosity saliva. Free cortisol concentra-

tions were determined using a commercial chemiluminescence

immunoassay with high sensitivity of 0.16 ng/ml (IBL, Hamburg,

Germany). Inter- and intraassay CVs were < 11.5% and 7.7%,

respectively.

Statistical Analyses

Data were analyzed using IBM SPSS Statistics version 20.0 for

Mac OS X and presented as mean ± SEM. All tests were two-tailed

with the significance level set at p ≤ .05 and the level of borderline

significance set at p ≤ .10. All data were tested for normal distri-

bution and homogeneity of variance using Kolmogorov-Smirnov

and Levene’s tests prior to statistical analyses. No outliers were

excluded. Skewed EPI values were logarithmically transformed,

and normal distribution was verified. We calculated body mass

index (BMI) as the weight in kilograms divided by height in meters

squared. Stress hormone changes were determined by calculating

the difference between the respective peak stress response (based

on the maximum mean response of the respective parameter

observed in the stress group) minus baseline level. NE and EPI

changes (ΔNE, ΔEPI) were calculated as the difference in plasma

levels between 1 min post-TSST/rest and baseline. Cortisol stress

changes (ΔCORT) refer to changes from baseline to 20 min post-

TSST/rest. Due to high levels of interindividual variations, we

followed previous research (Ellard, Castle, & Mian, 2001) and

calculated macrophage microbicidal potential as percentage

changes in repeatedly measuredWST-1 reduction scores in relation

to the respective baseline. For repeatedly measured WST-1 reduc-

tion, area under the total response curve with respect to ground

(AUC) was calculated with the trapezoid formula (Pruessner,

Kirschbaum, Meinlschmid, & Hellhammer, 2003). Based on our

previous observations on associations between PASA scales and

stress reactivity of immune measures (Wirtz, von Kanel et al.,

2007), we expected a medium effect size to detect an interaction

effect between stress appraisal and stress reactivity of our immune

measure. G*power 3.1 analysis suggests that a total sample size of

N = 32 would be sufficient to detect an interaction effect between

stress appraisal and stress reactivity of HMDM in two groups with

an expected medium effect size of f = .25 in general models with

repeated measures with a power of .90, α = .05, given the observed

correlations of the repeated measures of ≥ .47.

To calculate differences between the characteristics of the stress

wound group and the nonstress wound group, we used univariate

analyses of variance (ANOVAs). In order to test whether the TSST

induced a significant HMDM and neuroendocrine stress response,

we calculated repeated measures analyses of covariance

(ANCOVAs) with group (stress wound group vs. nonstress wound

group) as the independent variable and the four and seven time

points in which reduced WST-1, catecholamine (NE and EPI), or

cortisol were measured as repeated dependent variable. Notably,

although results of these calculations in the initial total study group

of 41 subjects have been previously reported (Kuebler, Wirtz et al.,

2013), we here recalculate them in the 39 subjects with stress

appraisal data.

To test our main hypothesis, that is, whether the previously

observed inhibitory effect of stress on wound-induced macrophage

activation relates to cognitive stress appraisal processes in terms of

primary and secondary stress appraisal, (Step 1) we calculated

general linear models with repeated measures of WST-1 reduction

as dependent variables and stress appraisal as linear independent

variable. Based on our hypothesis that stress appraisal would relate

to WST-1 reduction in the stress wound group but not in the

nonstress wound group, significant associations were then further

analyzed by (Step 2) repeating the initial calculation in the stress

wound group and the nonstress wound group separately. To further

explore whether significant associations between stress appraisal

and WST-1 reduction would differ between groups, (Step 3) we

calculated multiple regression analyses (Baron & Kenny, 1986;

Frazier, Tix, & Barron, 2004). As the dependent variable, we

entered AUC of WST-1 reduction. As independent variables, we

entered stress appraisal, stress-induction group (stress wound

group vs. nonstress wound group), and the interaction between

stress appraisal and group. A significant interaction term would

indicate that associations between stress appraisal and WST-1

reduction differ between groups. Prior to regression analyses, all

predictor and modulator variables were Z transformed. To account

for the lower power of AUC given our sample size, we repeated the

analyses of Step 3 in a complementary repeated measures

ANCOVA approach (repeated WST-1 reduction as dependent vari-

able; the interaction term and all other predictors from the regres-

sion approach as independent variables).

To graphically illustrate and interpret our results, we followed

Frazier et al. (2004) and plotted WST-1 reduction AUC scores for

nonstressed and stressed participants at the mean, and at low (−1
SD from the mean) and high (1 SD from the mean) levels of

cognitive stress appraisal. Moreover, to take into account that these

mean, low, and high levels of cognitive stress appraisal differ

between our subject groups, we additionally split the stress wound

group and nonstress wound group into four representative subject

groups based on their observed level in significant PASA scales

(stress wound group/lower PASA scores [PA: 1.5 to 3.4, n = 12;

stress: > −5 to −0.5, n = 11]; stress wound group/higher PASA

scores [PA: > 3.4, n = 10; stress: > −0.5, n = 11]; nonstress wound
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group/lower PASA scores [PA: < 1.5, n = 8; stress: ≤ −5, n = 7];

nonstress wound group/higher PASA scores [PA: 1.5 to 3.4, n = 9;

stress: > −5 to −0.5, n = 10]). Notably, this grouping procedure was

used for graphic illustration only, but not for modeling and testing.

Finally, to explore potential underlying mechanisms of signifi-

cant associations between cognitive stress appraisal measure(s) and

WST-1 reduction, we first tested whether stress changes of norepi-

nephrine (ΔNE), epinephrine (ΔEPI), and cortisol (ΔCORT) sig-

nificantly relate to repeated WST-1 reduction using general linear

models. Significant associations were further tested for potential

mediation effects. According to Baron and Kenny (1986), statisti-

cal mediation holds if (Step 1) the independent variable (PASA

scale) is associated with the supposed mediator (i.e., ΔNE, ΔEPI,

ΔCORT), if (Step 2) the independent variable (PASA scale) is

associated with the dependent variable (repeated WST-1 reduc-

tion), and if (Step 3) the mediator (i.e., ΔNE, ΔEPI, ΔCORT) is

significantly associated with the dependent variable (repeated

WST-1 reduction) while controlling for the independent variable

(PASA scale) and the association between the independent variable

(PASA scale), and the dependent variable (WST-1 reduction) is

lower than in Step 2 (Baron & Kenny, 1986). We favored

ANCOVAs over multiple linear regression analyses to test for

statistical mediation because Steps 2 and 3 include repeatedly

measured WST-1 reduction as the dependent variable. The use of

multiple linear regression analysis would require artificial integra-

tion of the repeatedly measured dependent variable into a single

measure index resulting in a loss of information.

Post hoc testing of significant mediation effects comprised sta-

tistical evaluation of the indirect effect. To do this, we followed

Preacher and Hayes (2008) and performed nonparametric boot-

strapping analyses with n = 5,000 resamples and 95% bias-

corrected and accelerated (BCa) confidence intervals (CI). In these

analyses, mediation is significant if zero is not included in the 95%

BCa CI. Because bootstrapping analyses require single measure

indices, AUC of WST-1 reduction was entered as the dependent

variable.

Since previous literature suggests a potential influence of age,

BMI, and MAP on microbicidal potential of HMDM (Dorshkind,

Montecino-Rodriguez, & Signer, 2009; Grossman, 2008; Wirtz,

Ehlert, Emini, & Suter, 2008), we controlled for age, BMI, and

MAP in all WST-1 reduction analyses. In secondary analyses, we

additionally controlled for an a priori defined set of potential con-

founders (i.e., baseline cortisol levels and chronic stress; Dhabhar,

2014).

Effect size parameters (f) were calculated from partial η2 values

and are reported where appropriate (effect size conventions,

f: .10 = small, .25 = medium, .40 = large).

Results

Participant Characteristics

Table 1 provides the sociodemographic, biological, and psycho-

logical characteristics of the 39 participants with complete cogni-

tive stress appraisal assessment. The two groups did not

significantly differ in age, BMI, MAP, NE, or EPI baseline levels

(ps > .51). Cortisol baseline levels were higher in the stress wound

group than in the nonstress wound group. In addition, stressed

participants had higher stress hormone changes (ΔEPI, ΔNE,

ΔCORT) than nonstressed participants. Furthermore, compared

with nonstressed participants, participants of the stress wound

group showed significantly higher scores in the tertiary PASA

stress index scale, as well as in the PASA primary appraisal scale.

No group differences were observed in the PASA secondary

appraisal scale or the CSSS scale. Due to technical problems, NE

and EPI data from two participants of the nonstress wound group

were missing.

Manipulation Checks

Repeated measures of microbicidal potential of macrophages in

terms of WST-1 reduction was suppressed in the stress wound

group as compared to the nonstress wound group (main effect of

group: F(1,34) = 6.52, p = .015, f = .43, see Figure 2). While the

nonstress wound group displayed a significant increase in WST-1

reduction over time (main effect of time: F(3,39) = 4.79, p = .006,

f = .61), the stress wound group did not (p = .75). In addition,

stressed participants showed significant increases in all three

stress hormones in reaction to TSST exposure compared with

nonstressed participants (NE: Group × Time interaction:

F(3.0,96) = 8.12, p < .001, f = .51; EPI: Group × Time interaction:

Table 1. Biological and Psychological Characteristics of the Study Participants

Stress wound group Nonstress wound group

p ANOVA(n = 22) (n = 17)

Age (year) 35.82 ± 2.0 (20–50) 34.7 ± 1.9 (22–49) .68

BMI (kg/m2) 24.7 ± 0.9 (18.7–36.0) 24.6 ± 0.5 (22.5–30.1) .96

MAP (mm Hg) 89.4 ± 1.9 (75.8–105.5) 87.8 ± 1.3 (80.8–102.5) .52

NE baseline (pg/ml) 452.6 ± 41.1 (115.3–841.7) 419.2 ± 48.5 (166.2–765.6) .60

EPI baseline (pg/ml) 21.3 ± 3.3 (6.1–79.1) 20.9 ± 3.5 (7.1–47.3) .85

Cortisol baseline (nmol/l) 5.3 ± 0.6 (2.9–13.7) 3.7 ± 0.4 (1.6–8.2) .039

ΔNE (pg/ml) 226.7 ± 25.2 (25.6–511.0) 64.1 ± 23.0 (−109.5–212.9) < .001

ΔEPI (pg/ml) 43.3 ± 8.4 (5.3–157.5) 4.5 ± 2.3 (−13.9–20.2) .001

ΔCORT (nmol/l) 16.6 ± 2.1 (−1.0–40.5) 0.7 ± 0.8 (−1.6–12.3) < .001

PASA primary appraisal 3.4 ± 0.13 (2.3–5.13) 1.7 ± 0.14 (1.0–3.0) < .001

PASA secondary appraisal 3.7 ± 0.19 (1.6–5.1) 4.3 ± 0.25 (2.3–6.0) .055

PASA stress index −0.5 ± 0.48 (−4.5–4.8) −5.2 ± 0.55 (−10.0–−1.8) < .001

Chronic stress (CSSS) 9.9 ± 1.48 (1–25) 11.4 ± 1.63 (1–29) .51

Note. Values are given as means ± SEM (range). BMI = body mass index; MAP = mean arterial blood pressure; NE = norepinephrine; EPI = epinephrine;

CORT = cortisol; Δ = stress hormone change; PASA = Primary Appraisal Secondary Appraisal scale; CSSS = Chronic Stress Screening Scale.
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Figure 2. Course of WST-1 reduction over time in the stress wound group and the nons tress wound group. Values are given as means ± SEM. 

F(3.0,96) = 21.57, p < .001, f = .82; cortisol: Group x Tune inter­
action: F(3.0,102) = 27.52,p < .001,/= .90). Age, BMI, and MAP 
were controlled. 

Stress Appraisal and M icrobicidal Potential of Macrophages 

Step 1. Testing for associations between repeatedly measured 
macrophage microbicidal potential in terms of WST-1 reduction 
and cognitive stress appraisal revealed that WST-1 reduction over 
time was significantly associated with the global PASA stress index 
scale (main effect: F(I ,34) = 5.26, p = .028, f = .39), the PASA 
primary appraisal scale (main effect F(1,34) = 7.98, p = .008, 
f = .48), but not the PASA secondary appraisal scale (p = .56). 

Step 2. In the stress wound group but not in the nons tress wound 
group (p = .25), repeatedly measured WST-1 reduction was signifi­
cantly associated with the PASA primary appraisal scale (main 
effect F(1,17) = 11.13, p = .004,!= .81). In terms of the PASA 
stress index: scale, the association with repeatedly measured WST-1 
reduction in the stress wound group became of borderline signifi­
cance (main effect: F(1,17) = 3.77, p = .069, f = .47). Similar to 
primary appraisal, no association was found for the stress index: in 
the nons tress wound group (p = .18). 

Step 3. The interaction between primary appraisal and group 
(stress wound group vs. nonstress wound group) significantly pre­
dicted AUC of WST-1 reduction (Primary Appraisal x Group: 
~ = - .363,p = .007, &?2 = .12, see Figure 3); independent of MAP, 
BMI, age, primary appraisal, and group with the total model 
explaining 54% of the variance in WST-1 reduction AUC 
(R2 = 0.54; F (6/38) = 6.22, p < .001). Independent of MAP, BMI, 
age, stress index:, and group, the interaction between stress index: 
and group was of borderline significance in predicting WST-1 
reduction AUC (Stress Index: x Group: ~ = - .261, p = .070, 
!JR2 = .059, see Figure 4). The whole model explained 46% of the 

variance in WST-1 reduction AUC (W = 0.46; F(6/38) = 4.54, 
p= .002). Complementary ANCOVA results confirmed that both 
the PASA primary appraisal scale and the global PASA stress 
index scale independently related to the observed stress-induced 
attenuation of WST-1 reduction over time (main effect of 
Group x Primary Appraisal interaction: F(1/32) = 8.10, p = .008, 
f= .50; main effect of Group x Stress Index interaction: F(ll 
32) = 3.96, p = .055, ! = .35). 

Additional controlling for baseline cortisol levels and chronic 
stress levels (i.e., CSSS scores) did not significantly change results . 

Stress Hormone Responses, Stress Appraisal, and 
Microbicidal Potential of Macrophages 

Only the NE stress response (.Mffi; F(1/31) = 5.80, p = .022, 
f = .43) significantly related to repeated WST-1 reduction, while 
t.EPI and dCORT did not (ps > .42). 

Statistical mediation testing revealed that .Mffi significantly 
mediated the observed relationship between the PASA scale 
primary appraisal and WST-1 reduction: (a) .Mffi was indepen­
dently predicted by primary appraisal(~ = .66,p < .001, dR2 = .40) 
and (b) repeated WST-1 reduction was independently predicted by 
dNE, F(l/32) = 12.2,p< .001,/= .62. In addition, controlling for 
dNE revealed that primary appraisal was no longer associated with 
repeated WST-1 reduction (p = .24), while .Mffi was, although of 
borderline significance, F (1/31) = 3.67, p = .065, f = .34. Similar 
results were found for the PASA scale stress index: .Mffi was 
independently predicted by stress index (~ = .55, p = .001, 
M 2 = .28). In addition, controlling for .Mffi revealed that stress 
index was no longer associated with repeated WST-1 reduction 
(p =.50), while .Mffi was [F(1131) = 6.58, p = .015, / = .46]. 

The post hoc nonparametric bootstrapping analyses confirmed 
dNE as mediator between the two PASA scales and WST-1 reduc­
tion (primary appraisal: b = - 53.73, BCa 95% CI: - 134.90 to 
- 0.18; stress index: b =-17.79, BCa 95% CI: - 39.12 to -4.29). 
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Figure 3. Effect of the PASA primary appraisal (PA) scale on wound-induced macrophage microbicidal potential in the stress wound group and the nonstress 
wound group. A: Plot of significant Group x Primary appraisal interaction. B: Area under the curve with regard to ground. Values are given as means ±SEM. 

Discussion 

Our study investigates for the first time whether anticipatory cog­
nitive stress appraisal modulates wound-induced activation of 
macrophage microbicidal potential in acutely stressed compared to 
nonstressed men. Despite the huge number of studies demonstrat­
ing the wound healing delaying effect of stress (Gouin & 
Kiecolt-Giaser, 2011; Walburn et al., 2009), the effect of stress on 
noncirculating human macrophages has not yet been investigated. 
Our study is thereby the first that assesses associations with 
noncirculating but tissue-based human macrophages. As hypoth­
esized, we found that in acutely stressed men, but not in 
nonstressed men, higher scores in anticipatory cognitive stress 
appraisal as measured by the PASA primary appraisal scale (com­
bining threat and challenge) and by the global PASA stress index 
scale (combining primary appraisal and secondary appraisal) were 
associated with lower WST-1 reduction scores of PMA-activated 
HMDM following catheter-induced wound application. These 

results were of large effect size and independent of common cor­
relates of immune cell activity. Given the anticipatory nature of 
stress appraisal assessment, these associative findings suggest that 
cognitive stress appraisal or primary appraisal, determines inhibi­
tory effects on wound-induced WST-1 reduction. In contrast, the 
PASA secondary appraisal scale (combined self-concept and 
control expectancy) did not relate to repeatedly measured WST-1 
reduction scores. 

Our data suggest that it was not the participants' perception as 
to whether their resources would be sufficient to cope with the 
stressor, but rather their consideration of the stressor as threatening 
and/or challenging that was associated with the stress-induced sup­
pression of wound-induced activation of macrophage microbicidal 
potential. In other words, it seems to be more the interpretation of 
a given event as threatening and/or challenging than the perceived 
competence and control over the event that determines the extent to 
which wound-induced microbicidal potential of macrophages is 
suppressed by stress. Given the observed statistical associations 
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Figure 4. Effect of the global PASA stress index (stress) scale on wound-induced macrophage microbicidal potential in the stress wound group and the 
nonstress wound group. A: Plot of significant Group x Stress index interaction. B: Area under the curve with regard to ground. Values are given as 
means ± SEM. 

and the sequence of data assessment, our data further suggest the 
NE stress response to underlie the inhibitory effect of anticipatory 
cognitive stress appraisal on wound-induced macrophage activa­
tion. Notably, to the best of our knowledge, our data provide first 
evidence of a modulatory role of cognitive stress appraisal in the 
NE stress response, although cognitive stress appraisal has been 
established as an important determinant of the cortisol stress 
response (Gaab et al., 2005; Schlotz et al., 2011). 

What are the potential clinical implications of our study? In 

light of the importance of microbicidal active M1-like 
macrophages for nondelayed slcin wound healing (Lucas et al., 
2010; Mori et al., 2004; Nagaoka et al ., 2000; Rojas et al., 2002; 
Subramaniam et al., 1997), our findings may suggest that, in par­
ticular, individuals who anticipate a given stressful situation as 
more threatening and more challenging are more susceptible to 
stress-induced delays in slcin wound healing. Thus, one might 
speculate that cognitive training directed at supporting individuals 

to perceive a stressful event as less threatening or challenging could 
provide psychophysiological benefit with respect to wound­
induced activation of macrophage microbicidal potential and thus 
wound healing. Although the attenuating effect of cognitive­
behavioral stress in oculation programs on both cognitive stress 
appraisal and the cortisol response to acute psychosocial stress 
has been repeatedly demonstrated (Gaab et al., 2003; Gaab, 
Sonderegger, Scherrer, & Ehlert, 2006; Hammerfuld et al ., 2006), 
intervention studies have not yet been performed in the field of 

tissue-based immune cell functions. Future intervention studies are 
needed to show whether the suppression of wound-induced 
microbicidal potential of macrophages by acute psychosocial 
stress can be modified by improving coping skills and whether 
these effects could benefit patients with impaired wound 
healing. 

Our study has several strengths: In addition to the use of our 
standardized and simple wound application paradigm, which seems 



to initiate wound healing processes in a rather natural manner

(Kuebler, Wirtz et al., 2013), a further strength was the use of the

innovative WST-1 macrophage assay (Kuebler, Ehlert et al., 2013).

The WST-1 macrophage assay allows the study of M1

macrophages in vitro (Gordon & Taylor, 2005; Martinez et al.,

2008), a macrophage phenotype that in vivo is likely to be the

dominant immune cell subtype in the wound area in early phases of

wound healing (Engelhardt et al., 1998; Mahdavian Delavary et al.,

2011; Martinez et al., 2008; Stroncek & Reichert, 2008). We also

used a highly standardized and potent stress test that reliably

induces neuroendocrine stress responses (Campbell & Ehlert,

2012; Dickerson & Kemeny, 2004; Kirschbaum et al., 1993).

Furthermore, we controlled for age, BMI, MAP, baseline cortisol

levels, and chronic stress levels as a priori selected control variables

to rule out potential confounding influences on microbicidal poten-

tial of HMDM. In addition, cognitive appraisal was assessed prior

to changes in macrophage microbicidal potential following stress,

which enhances the probability to detect causal relationships. The

study also has its limitations. First, our sample size was relatively

small and therefore our data should be interpreted with caution

until confirmed in larger studies. Second, our findings are restricted

to the stress induction by means of TSST and to healthy men. The

generalizability of our findings to other types of stressors (e.g.,

chronic stress), or to patients suffering from a disease, or women,

still needs to be confirmed by future research. Third, in our experi-

ment the stress introduction that induced higher anticipatory stress

appraisal was always followed by the announced stressor. There-

fore, we are unable to determine whether our macrophage findings

result from stress appraisal alone, from the stressor alone, or from

their interaction. However, given that stress perception is concep-

tualized as an interaction between person and situation (Lazarus &

Folkman, 1984) and given that the situation (the TSST) was stand-

ardized for all participants of the stress group, we speculate that it

is unlikely that the stress situation alone predicts macrophage activ-

ity, but rather that stress appraisal is likely to modulate stress

reactivity. Whether stress appraisal is capable of modulating

macrophage activity without stress induction needs to be investi-

gated in future studies.

In sum, our data suggest that anticipatory cognitive stress

appraisal relates to tissue-based immunity as we found it to modu-

late wound-induced activation of macrophage microbicidal poten-

tial in acutely stressed men, but not in nonstressed men. In

particular, we observed stronger stress-induced suppression of

wound-induced activation of macrophage microbicidal potential in

men who perceived more threat and challenge in anticipation of the

stressor. The NE stress response seems to underlie this finding.

Future studies are needed to replicate our findings and to test

potential clinical implications.
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