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Acute psychosocial stress stimulates transient increases in circulating pro-inflammatory plasma cyto-
kines, but little is known about stress effects on anti-inflammatory cytokines or underlying mechanisms.
We investigated the stress kinetics and interrelations of pro- and anti-inflammatory measures on the
transcriptional and protein level.

Forty-five healthy men were randomly assigned to either a stress or control group. While the stress
group underwent an acute psychosocial stress task, the second group participated in a non-stress control
condition. We repeatedly measured before and up to 120 min after stress DNA binding activity of the pro-
inflammatory transcription factor NF-jB (NF-jB-BA) in peripheral blood mononuclear cells, whole-blood
mRNA levels of NF-jB, its inhibitor IjBa, and of the pro-inflammatory cytokines interleukin (IL)-1ß and
IL-6, and the anti-inflammatory cytokine IL-10. We also repeatedly measured plasma levels of IL-1ß, IL-6,
and IL-10.

Compared to non-stress, acute stress induced significant and rapid increases in NF-jB-BA and delayed
increases in plasma IL-6 and mRNA of IL-1ß, IL-6, and IjBa (p’s < .045). In the stress group, significant
increases over time were also observed for NF-jB mRNA and plasma IL-1ß and IL-10 (p’s < .055). NF-
jB-BA correlated significantly with mRNA of IL-1b (r = .52, p = .002), NF-jB (r = .48, p = .004), and IjBa
(r = .42, p = .013), and marginally with IL-6 mRNA (r = .31, p = .11). Plasma cytokines did not relate to
NF-jB-BA or mRNA levels of the respective cytokines.

Our data suggest that stress induces increases in NF-jB-BA that relate to subsequent mRNA expression
of pro-inflammatory, but not anti-inflammatory cytokines, and of regulatory-cytoplasmic-proteins. The
stress-induced increases in plasma cytokines do not seem to derive from de novo synthesis in circulating
blood cells.
1. Introduction

Acute psychosocial stress is a potent stimulus of transient
increases in peripheral inflammatory markers with presumed con-
sequences for long-term inflammatory regulation and health
(Rohleder, 2014). The most consistent transient increases were
found for the two pro-inflammatory cytokines interleukin (IL)-6
and, to a lesser extent, IL-1b, both measured in plasma 30–
120 min following acute psychosocial stress (Rohleder, 2014;
Steptoe et al., 2007). Notably, inflammatory cytokines are glycosyl-
ated polypeptides secreted by immune but also a range of other
human cells. Compared to pro-inflammatory cytokines, consider-
ably less is known regarding stress-related changes in anti-inflam-
matory cytokines, such as IL-10. To date, human studies
investigating IL-10 responses to acute psychosocial stress are few
in number and show contradictory results. While one study
reported increases in IL-10 plasma levels 30 min after acute
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psychosocial stress in young women (Altemus et al., 2001), two
other studies found plasma levels of IL-10 to not significantly
change for a period of up to 120 min post-stress in young women
(Fredericks et al., 2010) and in a gender-mixed group of middle-
aged participants (de Brouwer et al., 2014).

The mechanisms underlying the well-documented stimulating
effects of acute psychosocial stress on pro-inflammatory plasma
cytokines are beginning to be understood. Studies in ex vivo iso-
lated human peripheral mononuclear immune cells (PBMCs) con-
sistently revealed on an intracellular level rapid and strong
increases in deoxyribonucleic acid (DNA) binding activity of the
inflammatory transcription factor nuclear factor-jB (NF-jB) with
peak levels occurring 10 min after acute psychosocial stress
(Bierhaus et al., 2003; Pace et al., 2006; Wolf et al., 2009) although
not unequivocally so (Pace et al., 2006). Notably, activated NF-jB
promotes the expression of numerous genes, including genes cod-
ing for the pro-inflammatory cytokines IL-1ß and IL-6 (Pahl, 1999),
by binding to specific DNA sequences. It follows from these studies
that stress-induced NF-jB-regulated inflammatory gene expres-
sion may provide a mechanism by which stress affects plasma lev-
els of IL-1ß and IL-6. In support of this notion, Bierhaus et al. (2003)
reported dose-dependent increases in both NF-jB binding activity
to DNA and NF-jB-regulated gene expression of IL-6 (i.e. messen-
ger ribonucleic acid, mRNA) in cells of the human acute monocytic
leukemia (THP1) cell line after stimulation with physiological con-
centrations of norepinephrine. Further support comes from the
hitherto only human study which quantitatively assessed the
effects of acute psychosocial stress on mRNA levels of ex vivo iso-
lated PBMCs (Brydon et al., 2005). In that study, stress-induced
increases in mRNA levels of IL-1ß, but not IL-6, were found in
PBMCs of healthy men, with highest IL-1ß mRNA gene expression
observed 120 min after stress. In agreement with this, increased
expression of genes regulated by the inflammatory transcription
pathways of NF-jB and Janus kinase/Signal Transducer and Activa-
tor of Transcription (JAK/STAT) were observed 30 min after acute
psychosocial stress as compared to baseline in ex vivo isolated
PBMCs of ten healthy men using genome-wide microarrays
(Nater et al., 2009). However, to the best of our knowledge, no
human study has previously examined stress reactivity of both
NF-jB binding activity to DNA and inflammatory cytokine gene
expression simultaneously. Accordingly, no studies have been test-
ing associations between stress-induced changes in NF-jB DNA
binding activity, cytokine mRNA, and plasma levels of inflamma-
tory cytokines in humans.

We therefore investigated in healthy men the effects of acute
psychosocial stress vs. a non-stress control condition on repeatedly
measured NF-jB DNA binding activity. In addition, we repeatedly
assessed mRNA and plasma levels of the pro-inflammatory cyto-
kines IL-1ß and IL-6, and of the anti-inflammatory cytokine IL-10
up to 120 min after stress/non-stress cessation. We primarily
aimed to elucidate the stress kinetics of each inflammatory mea-
sure alone and in relation to other measures. To further explore
underlying mechanisms of stress-induced inflammatory activity,
we additionally analyzed mRNA levels of NF-jB and inhibitory
kappa-b (IjB)a as the inhibitor of NF-jB activation (Baldwin,
1996). The sampling interval for every inflammatory measure
was chosen based on previous stress studies and in part further
clarified by kinetic testing. Our main hypotheses were that (1)
acute psychosocial stress induces rapid increases in NF-jB DNA
binding activity, as well as delayed increases in both mRNA and
plasma levels of the pro-inflammatory cytokines IL-1ß and IL-6,
and that (2) direct associations are found of highest levels of NF-jB
DNA binding activity with mRNA and plasma proteins of IL-1ß and
IL-6, as well as of mRNA of pro-inflammatory cytokines with
plasma levels of the respective cytokine.
2. Materials and methods

2.1. Study participants

This study has been conducted within a project assessing the
stress reactivity of immune measures (Kuebler et al., 2013). For
this part of the project, we recruited a total of 45 healthy men
between 20 and 50 years of age. We assigned 25 participants to
the stress and 20 participants to the control group. Group assign-
ment was performed randomly and age-matched (±2 years) until
the control group was complete. Participants were in good physical
and mental health, as confirmed by a telephone interview. Explicit
exclusion criteria were: regular exercise more than 12 h a week,
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 pulmon-
ary disease, allergies and atopic diathesis, rheumatic diseases,
and current infectious diseases. If the personal or medication his-
tory was not conclusive, the participants’ primary care physician
was contacted for verification.

The Ethics Committee of the State of Zurich, Switzerland, for-
mally approved the research protocol. All participants provided
written informed consent before participating in the study.
Recruitment was carried out with the aid of the Swiss Red Cross
of the Canton of Zurich and through advertisements.
2.2. Study protocol

Participants of the stress and control group reported to the lab-
oratory by 10 a.m. and had to abstain from extensive physical exer-
cise, alcohol, and caffeinated beverages during the previous 24 h.
Participants were given calorically standardized food with compa-
rable amounts of macro-nutritional composition (i.e. fat, protein,
and carbohydrate) and an indwelling venous catheter was inserted.
After a resting period of 165 min, participants of the stress group
were exposed to the TSST (Kirschbaum et al., 1993), which com-
prises a short introduction followed by a 5-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.
Participants of the control group were not exposed to the TSST
but were required to stand in an empty room for 10 min. Before
and after TSST/non-stress, participants remained seated in a quiet
room.

Blood samples for NF-jB binding activity measurements were
obtained immediately before (serving as baseline levels) and 1,
10, 20, 60, 90, and 120 min after TSST/non-stress cessation. We
decided for these time points to assess the immediate peak as pre-
viously published (Bierhaus et al., 2003; Wolf et al., 2009) but also
potential increases beyond 60 min after stress cessation since this
has not previously been investigated. In a testing sample of seven
participants, blood samples for mRNA measurements were taken
immediately before (baseline) and 10, 20, 60, 90, and 120 min after
TSST cessation to test for the stress kinetics of IL-1b gene expres-
sion reported by Brydon et al. (2005) in more detail. Based on
the results of this kinetics testing (n = 7; see Fig. 3A), we deter-
mined mRNA gene expression of IL-1b, IL-6, IL-10, NF-jB, and IjBa
in all participants immediately before (baseline), and 60 and
120 min after TSST/non-stress cessation. To determine protein
plasma levels of the cytokines IL-1b, IL-6, and IL-10, blood samples
were taken immediately before (baseline) and 10, 60, 90, and
120 min after TSST/non-stress cessation. For determination of sal-
ivary free cortisol levels, samples of saliva were collected immedi-
ately before (baseline) and 1, 10, 20, 30, 45, and 60 min after TSST/
non-stress cessation. At the end of the experiment, participants
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were debriefed and participation was remunerated with 175 Swiss
Francs.

2.3. Biochemical analyses

Biochemical analyses were performed in the Biochemical Labo-
ratory of the Institute of Psychology of the University of Zurich. In
terms of immunoassays all samples of a person were analyzed on
the same microtiter plate.

2.3.1. NF-jB binding activity to DNA
To determine NF-jB binding activity to DNA, we used an

adapted version of the Nuclear Extract Kit (Active Motif, La Hulpe,
Belgium) in combination with the TransAM NFjB p65 Transcrip-
tion Factor Assay Kit (Active Motif, La Hulpe, Belgium). The
adapted Nuclear Extract Kit version was used to prepare whole cell
extracts since this allows for quantification of activated NF-jB in
the nucleus and in the cytoplasm, and thus for complete quantifi-
cation of a cell’s activated NF-jB. Notably, the TransAM assay is
based on double-stranded oligonucleotides with NF-jB consensus
binding sites in combination with enzyme-labeled NF-jB specific
antibodies. Active but not inactive NF-jB obtained in whole-cell
extracts binds to these oligonucleotides and can be subsequently
detected.

In detail, 9 ml of blood were collected in EDTA-coated tubes
(Sarstedt, Numbrecht, Germany), immediately layered on top of
10 ml Ficoll-Paque PLUS (GE Healthcare, Uppsala, Sweden), and
centrifuged for 20 min at 300g and 20 �C. After centrifugation,
the interface containing PBMCs was removed, washed twice in
ice-cold phosphate buffer saline (PBS; Sigma–Aldrich, Buchs, Swit-
zerland), resuspended in 1000 ll ice-cold PBS/Phosphatase Inhibi-
tors (Active Motif, La Hulpe, Belgium), and cells were counted
using a cell counter (KX-21N, Sysmex Digitana AG, Horgen, Swit-
zerland). Next, 3.0 � 106 ml�1 PBMCs were transferred into a
1.5 ml pre-chilled tube and centrifuged in a microcentrifuge
(Heraeus Biofuge fresco, Thermo Fisher Scientific, Reinach, Swit-
zerland) for 4 min at 8100 rpm and 4 �C. After centrifugation, the
supernatant was discarded and the cell pellet was stored at
�80 �C for 30 min. Next, the cell pellet was resuspended in
300 ll Complete Lysis Buffer (Active Motif, La Hulpe, Belgium)
and vortexed for 10 s at highest setting. After 30 min at �80 �C,
the resulting suspension was incubated for 60 min on ice on a
rocking platform set at 150 rpm and vortexed every 5 min for
15 s at highest setting. Subsequently, the suspension was centri-
fuged for 20 min at 14,000 rpm and 4 �C. The supernatant contain-
ing the resulting cell extract was transferred into a pre-chilled
1.5 ml tube and stored at �80 �C until analysis with the TransAM
NFjB p65 Transcription Factor Assay Kit according to the manufac-
turer’s protocol.

NF-jB binding activity was determined in 20 participants of
each subject group (i.e. stress and control group) following imple-
mentation of the assay procedure. One participant of the stress
group and one participant of the control group had to be excluded
because of technical problems with assaying, rendering a final
sample of 19 participants of the stress group and 19 participants
of the control group for NF-jB DNA binding activity
measurements.

2.3.2. Gene expression
For quantification of mRNA levels of IL-1b, IL-6, IL-10, NF-jB,

and IjBa, venous blood was drawn in PAXgene Blood RNA Tubes
(PreAnalytiX GmbH, Hombrechtikon, Switzerland) and stored at
�80 �C until analysis. Total RNA purification was performed using
the PAXgene Blood RNA Kit (PreAnalytiX GmbH, Hombrechtikon,
Switzerland), followed by reverse transcription with High Capacity
RNA-to-cDNA Kit (Applied Biosystems, Zug, Switzerland). The
quantitative real-time (RT)-PCR was conducted using TaqMan Fast
Advanced Master Mix (Applied Biosystems, Zug, Switzerland) on a
7900HT Fast Real-Time PCR System (Applied Biosystems, Zug,
Switzerland). mRNA was measured using the following TaqMan
Gene Expression Assays (Applied Biosystems, Zug, Switzerland):
Hs01555410_m1 for IL-1b, Hs00985639_m1 for IL-6,
Hs00961622_m1 for IL-10, Hs00765730_m1 for NF-jB,
Hs00153283_m1 for IjBa, and Hs99999905_m1 for GAPDH. GAP-
DH was amplified as reference gene. Relative gene expression was
calculated by using the 2�DDC

T method (Schmittgen and Livak,
2008). All kits and assays were performed according to the manu-
facturers’ protocol.

GAPDH mRNA levels of four participants of the stress group
could not be determined due to technical problems. Moreover, in
three participants of the stress group and two participants of the
control group gene-specific detection problems occurred, render-
ing the following sample sizes for mRNA analyses (stress vs.
control group): IL-1b, 21 vs. 20; IL-6, 18 vs. 18; IL-10, 18 vs. 20;
NF-jB, 21 vs. 20; and IjBa, 21 vs. 20.

2.3.3. Cytokines
For quantification of the cytokines IL-1b, IL-6, and IL-10, venous

blood was drawn in EDTA-coated monovettes (Sarstedt, Numbr-
echt, Germany), and immediately centrifuged for 10 min at 2000g
and 4 �C. Obtained plasma was stored at �80 �C until analysis.
Plasma cytokine levels were determined with a high sensitivity
sandwich immunoassay (Meso Scale Discovery (MSD), Rockville,
USA) with intra- and inter-assay coefficients of variance (CVs) of
4.1% and 7.7% for IL-1b, 4.5% and 7.3% for IL-6, and 3.7% and
10.1% for IL-10. Detection limits were as follows: IL-1b: 0.041 pg/
ml, IL-6: 0.117 pg/ml, IL-10: 0.046 pg/ml. Values below sensitivity
were substituted with half the detection limit where appropriate.

Due to technical problems with assaying, data of IL-1b and IL-6
were missing in some participants rendering the following sample
sizes for cytokine analyses (stress vs. control group): IL-1b, 21 vs.
16; IL-6, 23 vs. 20; and IL-10, 25 vs. 20. Notably, IL-1b levels were
very low and without substitution of levels below the detection
limit we could only obtain complete and measurable IL-1b levels
in 18 participants from the stress group and in 13 participants from
the control group. Therefore, IL-1b plasma results are to be inter-
preted with caution.

2.3.4. Cortisol
For cortisol assessment, saliva samples were collected in sali-

vettes (Sarstedt, Sevelen, Switzerland) and stored at �20 �C until
analysis in the Biochemical Laboratory, Institute of Psychology,
University of Zurich. Thawed saliva samples were centrifuged at
2000g, yielding low-viscosity saliva. Salivary free cortisol concen-
trations were determined using a commercial chemiluminescence
immunoassay with high sensitivity of 0.16 ng/ml (LIA) (IBL, Ham-
burg, Germany). Inter- and intra CVs were below 11.5% and 7.7%,
respectively.

2.4. Statistical analyses

Data were analyzed using SPSS Inc. version 20.0 for Mac OS X
(Chicago, IL, USA) and presented as mean ± SEM. All tests were
two-tailed with the significance level set at p 6 .05 and the level
of borderline significance set at p 6 .10.

G*power 3.1 analysis suggested that a total sample size of
N = 40 is needed to detect an interaction between group and
repeated inflammatory parameters with an expected medium
effect size varying between f = 0.22 (3 repetitions, mRNA expres-
sion, observed minimum inter-correlation among repeated mea-
sures of r = .40) and f = 0.20 (5 repetitions, plasma cytokine
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Fig. 1. Salivary cortisol over time in the stress and the control group. Values are
given as means ± SEM.
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levels, observed minimum r = .34) in general linear models with
repeated measures with a = .05 and a power of .80.

We calculated body mass index (BMI) as the weight in kilo-
grams divided by height in meters squared. Since platelets are
not negligible as a source of NF-jB (Schattner, 2013), NF-jB
binding activity levels were corrected for the ratio of platelet to
leukocyte numbers (WBC/PLT ratio) counted in our cell pellets by
KX-21N after Ficoll purification, while taking into account the
baseline WBC/PLT ratio. To rule out confounding effects of inter-
assay baseline differences, corrected NF-jB binding activity levels
were calculated as percentage changes from baseline following
previous methods (Pace et al., 2006). We also controlled for the
positive control (2.5 lg Jurkart [TPA + Cl] nuclear extract/well) as
a covariate in all analyses with NF-jB binding activity as the
dependent variable.

For NF-jB binding activity, mRNA levels, and plasma cytokine
levels, areas under the curve with respect to increase (AUCs) using
the trapezoid formula were calculated from baseline to highest
responses following stress (i.e. from baseline to 10 min post-
stress/non-stress for NF-jB binding activity [AUCNF-jB-BA], from
baseline to 120 min post-stress/non-stress for all mRNA parame-
ters [AUCmRNA IL-1b, etc.], and from baseline to 90 min post-stress/
non-stress for plasma cytokine levels [AUCplasma IL-1b, etc.])
(Pruessner et al., 2003).

Prior to statistical analyses, data were tested for normal distri-
bution and homogeneity of variance using Kolmogorov–Smirnov
and Levene’s tests in both groups. Skewed salivary cortisol levels,
plasma IL-1b and IL-10 levels, and AUCplasma IL-10 levels were loga-
rithmically transformed and normal distribution was verified.
While modeling and testing was performed with log-transformed
data we provide original data for group characteristics and in fig-
ures for reasons of clarity.

Univariate analyses of variance (ANOVAs) were calculated to
test for group differences in terms of demographic measures, and
baseline levels of salivary cortisol and plasma cytokines.

To test whether the stressor evoked a significant neuroendo-
crine stress response, we calculated repeated measures ANOVA
with group (stress group vs. control group) as the independent var-
iable and the seven time points at which cortisol was measured as
repeated dependent variable.

To test whether the stressor evoked a significant inflammatory
stress response, we calculated repeated measures ANOVAs with
group as the independent variable; the seven, three, and five time
points at which NF-jB binding activity, mRNA levels, and plasma
cytokine levels were measured served as repeated dependent vari-
ables. To rule out potential confounding influences on inflamma-
tory markers (Wirtz et al., 2008; Wolf et al., 2009) we controlled
for age and BMI as covariates. Further testing of effects in inflam-
matory measures comprised re-analyses of all repeated measures
ANOVAs separately for each subject group.

To test for associations between NF-jB binding activity, mRNA,
and plasma cytokine levels, we calculated Pearson’s product-
moment correlations using the respective AUC peak reactivity
scores.
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Fig. 2. NF-jB binding activity over time in the stress and the control group. Age and
BMI were controlled. Values are given as means ± SEM.
3. Results

3.1. Participants’ characteristics

The study groups did not significantly differ in age (stress
group: 36.3 ± 1.9, control group: 35.1 ± 1.8; p = .66) and BMI (stress
group: 24.3 ± 0.8, control group: 24.9 ± 0.5; p = .61), nor did they
differ in baseline levels of cortisol (p = .45, see Fig. 1), or cytokines
(p’s > .43, see Fig. 4A–C).
3.2. Validation check of the stress protocol

As compared to the non-stress control group, the stress group
showed significant increases in salivary cortisol (group-by-time
interaction: F(3.1, 135.2) = 49.15, p < .001, f = 1.07; see Fig. 1).

3.3. NF-jB binding activity to DNA in the stress and the control group

The study groups significantly differed in NF-jB binding activity
over time (p = .007, see Fig. 2 and Table 1), whereby NF-jB binding
activity levels were highest at 1 and 10 min after stress. This result
did not significantly change without controlling for age and BMI
(p = .003). Separate re-analyses in each subject group revealed that
NF-jB binding activity significantly increased from baseline to
10 min after stress/non-stress in the stress group (main effect
time: F(2.0,32.0) = 3.87, p = .031, f = 0.49) but not in the control
group (main effect time: p = .24).

3.4. Gene expression

3.4.1. Identification of gene expression stress kinetics
As illustrated in Fig. 3A, IL-1b mRNA levels did not increase

within the first 60 min after stress cessation and were highest



Table 1
Group-by-time interactions of repeated measures AN(C)OVAs with group as independent variable and inflammatory markers as repeated dependent variables.

Group-by-time interaction AN(C)OVA with (and without) controlling for age and BMI

F p f

NF-jB-BA 3.03 (3.41) .007 (.003) .31 (.32)
mRNA IL-1ß 3.49 (3.86) .044 (.036) .31 (.31)

IL-6 3.49 (2.85) .036 (.066) .33 (.29)
IL-10 .52 (.52)
NF-jB .22 (.17)
IjBa 4.02 (4.43) .022 (.015) .33 (.34)

Plasma IL-1b .93 (.92)
IL-6 3.20 (3.19) .038 (.040) .29 (.28)
IL-10 .44 (.44)

Note: AN(C)OVAs = analyses of (co)variance; BMI = body mass index; NF-jB-BA = NF-jB binding activity to DNA; IL = interleukin. Effect size conventions: f: .10 = small,
.25 = medium, .40 = large.
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120 min after stress. Based on these pilot data, we decided for ana-
lyzing gene expression immediately before stress induction, as
well as 60 min, and 120 min after stress cessation in the whole
group of study participants.

3.4.2. Gene expression in the stress and the control group
Compared to the control condition, stress induced significant

increases in mRNA levels of IL-1b (p = .044), IL-6 (p = .036), and
IjBa (p = .022) with the highest mRNA gene expression observed
120 min after stress (see Fig. 3B, C, and F and Table 1). In terms
of IL-10 and NF-jB mRNA levels, there were no significant group
differences over time (p’s > .21, see Fig. 3D and E and Table 1).
The interaction effect of IL-6 became of borderline significance
without controlling for age and BMI (p = .066), but none of the
other mRNA results significantly changed (see Table 1).

Separate re-analyses in each subject group revealed increases in
mRNA levels of IL-1b, NF-jB, and IjBa over time in the stress group
(main effect time IL-1b: F(1.4,27.8) = 6.0, p = .013, f = 0.55; main
effect time NF-jB: F(1.3,26.0) = 3.75, p = .054, f = 0.43; main effect
time IjBa: F(1.9,38.7) = 5.31, p = .010, f = 0.51), but not in the con-
trol group (p’s > .41). No significant time effects were observed in
IL-6 and IL-10 mRNA levels, either in the stress (main effect time
IL-6: p = .18; main effect time IL-10: p = .22) or control group (main
effect time IL-6: p = .13; main effect time IL-10: p = .92).

3.5. Cytokine plasma levels

Study groups significantly differed in plasma IL-6 levels over
time (p = .038; see Fig. 4B and Table 1) with highest levels seen
at 90 min after stress. This result did not significantly change with-
out controlling for age and BMI (p = .040). In terms of plasma IL-1b
and IL-10, no group-by-time interaction effects were observed,
with and without controlling for age and BMI (p’s > .43, see
Fig. 4A and C and Table 1).

Separate re-analyses in each subject group revealed increases in
plasma IL-6 over time in both the stress (main effect time:
F(2.0,44.7) = 11.38, p < .001, f = 0.72) and the control group (main
effect time: F(2.2,42.4) = 6.93, p = .002, f = 0.60). Additionally, sig-
nificant increases in plasma IL-1b and IL-10 levels over time were
observed in the stress group (main effect time IL-1b:
F(3.7,74.1) = 4.23, p = .005, f = 0.46; main effect time IL-10:
F(3.5,83.0) = 5.86, p = .001, f = 0.49) but did not reach statistical
significance in the control group (main effect time IL-1b: p = .13;
main effect time IL-10: p = .12).

3.6. Associations between NF-jB binding activity to DNA, mRNA, and
cytokine levels

Higher peak reactivity of NF-jB binding activity correlated
significantly with higher mRNA peak reactivity levels of IL-1b
(r [AUCNF-jB-BA/AUCmRNA IL-1b] = .52, p = .002), NF-jB (r [AUCNF-jB-BA/
AUCmRNA NF-jB] = .48, p = .004), and IjBa (r [AUCNF-jB-BA/
AUCmRNA IjBa] = .42, p = .013). While IL-10 mRNA peak reactivity
did not relate to peak reactivity of NF-jB binding activity
(r [AUCNF-jB-BA/AUCmRNA IL-10] = �.16, p = .40), higher IL-6 mRNA
related to higher NF-jB binding activity approaching borderline
significance (r [AUCNF-jB-BA/AUCmRNA IL-6] = .31, p = .11).

Plasma cytokine peak reactivity levels of IL-1b, IL-6, and IL-10
were neither associated with mRNA peak reactivity levels of the
respective cytokine (r [AUCplasma IL-1b /AUCmRNA IL-1b] = �.06,
p = .72; r [AUCplasma IL-6/AUCmRNA IL-6] = .04, p = .83; r [AUCplasma IL-10/
AUCmRNA IL-10] = .34, p = .085) nor with peak reactivity of NF-jB
binding activity (r [AUCplasma IL-1b/AUCNF-jB-BA] = �.23, p = .20;
r [AUCplasma IL-6/AUCNF-jB-BA] = �.00, p = .99; r [AUCplasma IL-10/
AUCNF-jB-BA] = .13, p = .53).

4. Discussion

This is the first human study to investigate the stress kinetics
and interrelations of NF-jB binding activity (BA) in PBMCs, in addi-
tion to plasma and whole-blood mRNA levels of pro- and anti-
inflammatory measures.

4.1. Stress kinetics

Regarding stress kinetics, we found in healthy men a rapid
increase in NF-jB-BA immediately after exposure to acute psycho-
social stress as compared to the control condition with recovery to
baseline levels 60 min after stress cessation. In addition, as com-
pared to the non-stress condition, stress exposure induced delayed
increases in mRNA levels of the pro-inflammatory cytokines IL-1ß
and IL-6 with highest levels observed at 120 min after stress cessa-
tion, as well as in plasma IL-6 levels peaking at 90 min after stress
cessation. In the stress group we found increases in IL-1ß plasma
levels peaking 90 min after stress cessation and in NF-jB mRNA
with highest levels observed at 120 min post stress. In terms of
anti-inflammatory measures under study, we found in the stress
group delayed increases in plasma levels but not in mRNA levels
of IL-10. As compared to non-stress, stress exposure induced
increases in mRNA expression of the inhibitor protein IjBa with
highest levels 120 min post stress. The significant effects of stress
on inflammatory measures were of medium to large effect size
and independent of age and BMI. These findings suggest that psy-
chosocial stress not only induces increases in circulating pro-
inflammatory but also in anti-inflammatory measures both on
the transcriptional and protein levels.

Our stress kinetics findings of plasma IL-1ß and IL-6, mRNA
IL-1ß, and NF-jB-BA in whole-cell extracts of PBMCs corroborate
previous observations (Bierhaus et al., 2003; Brydon et al., 2005;
Pace et al., 2006; Steptoe et al., 2007; Wolf et al., 2009). Moreover,
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because NF-jB-BA stress reactivity has been hitherto determined
in nuclear but not nuclear and cytoplasmic or whole-cell extract
of PBMCs (Bierhaus et al., 2003; Pace et al., 2006; Wolf et al.,
2009), our NF-jB-BA stress reactivity findings extend previous
observations to whole-cell extracts. In contrast to Brydon et al.
(2005), we observed stress-induced increases in IL-6 mRNA in
addition to increases in mRNA levels of IjBa and NF-jB. Method-
ological differences might account for this discrepancy. Interest-
ingly, mRNA levels of IL-1ß, IL-6, NF-jB, and IjBa revealed
similar kinetics with highest levels 120 min after stress cessation,
suggesting that peak levels may occur later than 120 min after
stress cessation. Therefore, future research would benefit from
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longer post-stress monitoring periods. In previous studies changes
in IL-10 to acute psychosocial stress were not consistently seen
(Altemus et al., 2001; de Brouwer et al., 2014; Fredericks et al.,
2010), although none of these studies investigated men only.
4.2. Interrelations between NF-jB binding activity, mRNA, and
cytokine levels

In terms of interrelations of transcriptional inflammatory mea-
sures, greater stress-induced NF-jB-BA (i.e. active NF-jB) was
associated with higher delayed stress-induced increases in mRNA
levels of the NF-jB-regulated cytokines IL-1ß and IL-6. In addition,
higher stress-induced changes in active NF-jB were also associ-
ated with higher mRNA levels of NF-jB and IjBa.

In contrast to our hypothesis regarding interrelations between
transcriptional and plasma inflammatory measures, we could not
find stress-induced increases in cytokine plasma levels to be asso-
ciated with stress-induced increases in NF-jB-BA or with mRNA
levels of the respective cytokine. This lack of an association and
the fact that plasma cytokines peaked earlier than cytoplasmic
measures suggests that the stress-induced increases in plasma
cytokines are unlikely to derive from de novo synthesis by circulat-
ing immune cells. Previous research indeed suggests a complex
regulatory mechanism from cytokine mRNA transcription to cyto-
kine production and subsequent secretion in ex vivo isolated
human monocyte derived macrophages upon in vitro stimulation
with lipopolysaccharide (LPS) (Zhong et al., 1993). Notably, in
humans the temporal relation between mRNA level increases and
its resulting protein production and release is to the best of our
knowledge unknown. So far, we can only speculate about the
sources of stress-induced increases in plasma cytokines. It remains
to be tested whether increases in plasma cytokines result from
intracellularly stored cytokines in circulating immune cells or from
other stress-sensitive cytokine producing cell types, such as adipo-
cytes (Mohamed-Ali et al., 2001), endothelial cells (Gornikiewicz
et al., 2000) or adrenal zona glomerulosa cells (Judd and
MacLeod, 1995). Future research is needed to identify the sources
of the stress-induced plasma cytokines, and to investigate whether,
and if so, when increases in plasma cytokines result from stress-
induced increases in NF-jB-BA and subsequent cytokine mRNA
levels of circulating blood cells.
4.3. Integrative model

Based on our results and those from the literature, we propose
an integrative model with the following cascade of stress-induced
events: Acute psychosocial stress immediately induces activation
of NF-jB supposedly by degradation of the cytoplasmic NF-jB
inhibitor IjBa in blood cells. After translocation from cytoplasm
to the nucleus, activated NF-jB up-regulates mRNA expression of
pro-inflammatory, but not anti-inflammatory cytokines, with the
aim of later cytokine production. In addition, activated NF-jB also
induces the expression of IjBa and NF-jB subunits, thereby limit-
ing its own activation and restoring its unstimulated but stress-
responsive cytoplasmic basal state. Notably, this proposed aut-
oregulatory feedback mechanism of NF-jB has been observed in
cell lines exposed to different NF-jB stimulating agents (Brown
et al., 1993; Lombardi et al., 1995; Sun et al., 1993).

The proposed cascade of events may represent a well-orches-
trated effort of the organism to deal with a stressful situation.
However, it may also contribute to negative health outcomes. More
specifically, according to the allostatic load theory, effects of sus-
tained or repeated stress may accumulate over time and result in
dysfunctions in stress response systems (Goldstein and McEwen,
2002). These dysfunctions, in turn, have been linked consistently
to negative health outcomes, specifically those associated with
inflammatory processes, including cardiovascular diseases (e.g.,
atherosclerosis) and depression (Chrousos and Gold, 1998;
Goldstein and McEwen, 2002). As such, the current findings con-
tribute to our understanding of the downstream effects of stress
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on immune processes and may provide a reference for characteriz-
ing health-relevant dysfunctions in immune stress responses.
4.4. Strengths and limitations of the study

The present study has several strengths: It is the first study to
assess stress reactivity of several inflammatory measures on differ-
ent transcriptional levels and in plasma within the same person.
Also, our study design included a resting control group of an appro-
priate sample size. In addition, we used whole-cell extracts that
allowed us to determine stress-induced changes in total active
NF-jB of a cell in both the nuclear and cytoplasmic cell fraction.
Moreover, total RNA was extracted from whole blood collected in
PAXgene tubes, which stabilize mRNA during blood collection
and storage and thus allow for reliable gene expression results
(Rainen et al., 2002). Furthermore, potential confounding factors
were controlled in our statistical analyses by a priori entering
age and BMI as covariates and by restricting recruitment to men
only. We also used a highly standardized and potent stress test that
reliably induces physiological stress responses (Dickerson and
Kemeny, 2004). Our study also has limitations. First, the general-
ization of our study’s findings might be limited to healthy men
aged 20–50 years, and the cytokines IL-1b, IL-6, and IL-10. It
remains to be elucidated whether our findings also apply to
women, men younger or older than 20 to 50 years, patients suffer-
ing from a disease, other populations, or inflammatory cytokines
other than IL-1b, IL-6, and IL-10. Second, our sample size was rel-
atively small and therefore our data should be interpreted with
caution and need to be confirmed in future studies. Third, we
investigated humans and thus our inter-relational assessment of
the different ex vivo derived inflammatory measures was of corre-
lational nature; in other words, our study design did not allow us
to investigate causal associations of stress-induced changes in
NF-jB binding activity, cytokine mRNA, and plasma levels of cyto-
kines by means of parameter-specific experimental manipulations
as possible in animal or in vitro studies. Fourth, although in our NF-
jB-BA analyses we standardized the number of PBMCs, we cannot
completely rule out potential influences of shifts in lymphocyte
redistribution or subpopulations as observed in reaction to strenu-
ous exercise (Richlin et al., 2004). However, two previous studies
could not detect confounding effects of psychosocial stress-
induced shifts in lymphocyte redistribution or subpopulations on
NF-jB-BA (Pace et al., 2006; Wolf et al., 2009). Moreover, we
observed comparably strong stress-induced increases in NF-jB-
BA 1 and 10 min after TSST suggesting only a small influence of
the redistribution phenomenon on NF-jB-BA, considering that
stress-induced redistribution in leukocyte subsets differs consider-
ably between 1 and 10 min after TSST (Buske-Kirschbaum et al.,
2007). Fifth, because plasma cytokine levels measured by multi-
plex technology can be influenced by the used multiplex platform
or multiplex assay (Toedter et al., 2008), our absolute plasma cyto-
kine levels should be interpreted with caution.
4.5. Conclusion

Our findings suggest that psychosocial stress induces increases
in the binding activity of the pro-inflammatory transcription factor
NF-jB that relate to subsequent delayed mRNA expression of pro-
inflammatory but not anti-inflammatory cytokines and regulatory
cytoplasmic proteins starting within 2 h from stress cessation. The
observed delayed stress-induced increases in plasma levels of the
pro-inflammatory cytokines IL-1b, IL-6, and of the anti-inflamma-
tory cytokine IL-10 are unlikely to derive from de novo synthesis
in circulating blood cells. Future studies are needed to investigate
the mechanisms underlying the kinetics and interrelations of
stress-induced changes in NF-jB binding activity, cytokine mRNA,
and plasma levels of cytokines.
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