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Abstract

Inflammatory reactivity to acute laboratory stress is thought to reflect individual differences in
responsivity to environmental stressors and may confer future health risk. To characterize this
response, we conducted a meta-analysis of 34 studies that measured circulating inflammatory
markers and 15 studies that measured stimulated production of inflammatory markers before and
after exposure to laboratory challenge. Results showed significant stress-related increases in
circulating interleukin (IL)-1p (d = 0.66, p<.001), IL-6 (d = 0.35, p<.001), IL-10 (d = 0.69, p
<.001), and tumor necrosis factor(TNF)-a. (d = 0.28, p<.001), but not IL-1ra, IL-2, interferon-vy,
or C-reactive protein. There were sufficient data to assess the time course of IL-6, IL-1p, and
TNF-a reactivity. IL-6 increased from baseline to measures taken 40-50, 60-75, 90, and 120 min
following stress, with the largest effect at 90min post-stress (d = 0.70, p < .001). IL-1p increased
from baseline to 20-30, 40-50, and 60—70 min following stress, with the largest effect between
40-50 min post-stress (d = .73, p=.02). For TNF-a, there was a significant increase from baseline
to 31-50 min post stress (d = 0.44, p=.01), but not at later times. There was no difference in
magnitude of IL-6 reactivity as a function of type of stress (social-evaluative versus other). For
stimulated inflammatory markers, results showed stress-related increases in IL-1p when measured
20-120 min post-stress (d = 1.09, p<.001), and in IL-4 and interferon-y when measured 0-10
min post stressor (d = -0.42, p< .001 and d = 0.47, p<.001). These results extend findings from a
prior meta-analysis (Steptoe, Hamer, & Chida, 2007) to show reliable increases in circulating IL-6,
IL-1B, IL-10 and TNF-a and stimulated I1L-1, IL-4 and interferon-y in response to acute stress. It
is possible that these responses contribute to associations between exposure to life challenges and
vulnerability to inflammatory disease.
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Introduction

Considerable literature documents an association between naturalistic psychological stress,
markers of inflammation, and future disease risk (Segerstrom & Miller, 2004; Rohleder,
2014, Steptoe et al., 2007). Brief naturalistic stressors such as taking examinations, life event
stressors such as loss of a spouse or natural disaster, and more chronic stressors such as
caregiving for an ill loved one, all associate with elevated markers of inflammation in
peripheral circulation (Marshall et al., 1998; Kiecolt-Glaser, McGuire, Robles, & Glaser,
2002). These proinflammatory markers, including concentrations of cytokines and the acute
phase protein C-reactive protein (CRP), predict risk for incident cardiovascular disease
(CVD; Pearson et al., 2003), as well as accelerated progression of diseases that involve
inflammatory pathophysiology (e.g. cancer, HIV, asthma, and rheumatoid arthritis (Choy,
2012; Deeks et al., 2013; Elinav et al., 2013; Fu et al., 2013; Mclnnes & Schett, 2011,
Naugler & Karin, 2008). These associations raise the possibility that psychological stress
may increase disease risk and shape disease course through an inflammatory pathway.

A growing number of studies have further explored the impact of psychological stress on
inflammation using experimental protocols to examine changes in mediators of
inflammation in response to short-term laboratory stressors designed to characterize
transient stresses of daily life. Early results suggest that acute stress induces reliable changes
in both enumerative and functional aspects of immunity, including increases in both
circulating and stimulated markers of inflammation (Marsland, Bachen, Cohen, Rabin &
Manuck, 2002; Steptoe, Hamer, & Chida, 2007). In addition to main effects of stress on
immune function, individuals differ substantially in the magnitude of their immunologic
reactivity to stress, with some individuals exhibiting large responses and others little or no
response (Black, 2003; Marsland et al., 2002). Further evidence, including our own, has
shown that individual differences in the magnitude of immune reactivity are relatively stable
across both time and task, possibly having implications for susceptibility to disease
(Marsland et al., 2002).

Initial evidence supports the possibility that individual differences in the magnitude of
stress-related changes in inflammatory mediators are clinically significant. For example, in
one longitudinal study the magnitude of interleukin-6 (IL-6) response to acute laboratory
stress predicted ambulatory blood pressure after a 3-year follow-up (Brydon & Steptoe,
2005). Similarly, acute stress-evoked increases in fibrinogen and tumor necrosis factor alpha
(TNF-a) predicted increasing carotid artery stiffness over time (Ellins et al., 2008). It is also
known that individual differences in immune responses to acute psychological stress parallel
magnitude of cardiovascular reactivity (Manuck, Cohen, Rabin, Muldoon & Bachen, 1991),
a known risk factor for CVD (Chida & Steptoe, 2010). Finally, recent evidence suggests that
individuals who are predisposed to larger increases in inflammatory mediators in the
laboratory may be prone to higher levels of systemic inflammation, possibly conferring
increased risk for inflammatory disease (Lockwood, Marsland, Cohen, Gianaros, 2016).
Thus, it is conceivable that magnitude of stress-related increases in inflammatory mediators
may form a physiological basis for vulnerability to inflammatory disease at times of
naturalistic stress.
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In light of our growing understanding of the clinical significance of concentrations of
inflammatory mediators, the purpose of the current work was to update a meta-analytic
review of studies examining circulating and /n vitro stimulated inflammatory responses to
acute laboratory stressors that was conducted in 2007 by Steptoe, Hamer, & Chida. The
2007 review identified 18 studies that measured circulating markers of inflammation (IL-6,
IL-1B, TNF-a, and CRP). Results showed modest increases in IL-6 and I1L-1f and
marginally significant increases in CRP from before to after acute psychological challenge.
In addition, the authors identified 13 studies that measured stimulated production of
inflammatory mediators, a functional measure of the ability of immune cells to produce
inflammatory cytokines. Here, results showed increased stimulated concentrations of IL-1p
from pre- to post-acute laboratory stress, but no significant stress-related change in IL-6 or
TNF-a. At the time of the 2007 meta-analysis it was not possible to reliably characterize
time course of acute stress-induced inflammatory reactivity; for this reason, the researchers
collapsed post-stress measures over time to calculate the mean effect. Although the authors
reflected on the possibility that demographic characteristics, health status, and psychosocial
factors may moderate magnitude of stress-related changes in inflammatory mediators, there
were insufficient data to explore this possibility.

Since this meta-analysis was published, the body of work examining changes in circulating
and stimulated concentrations of inflammatory mediators following acute psychological
stress has steadily grown. The current project aimed to update and extend the earlier review
by incorporating results from more recently published studies that examine a wider range of
inflammatory markers. This larger literature also permitted a novel examination of the
temporal dynamics of the circulating IL-6, TNF-a, and IL-1p response, as well as an
examination of study and sample characteristics that may moderate magnitude of response.
When possible, we also explored whether age, sex, type of stress task (social evaluative
threat versus other stressor) and “health status” moderated inflammatory responses. For the
purposes of this review, health was defined as absence of a diagnosed chronic physical or
mental health condition.

Literature Search Strategy

The review was conducted in accordance with the Preferred Reporting Items for Systematic
Reviews and Meta-analyses (PRISMA) guidelines (Moher et al., 2009). First, articles
included in the most recent review of this literature by Steptoe et al. (2007) were obtained.
To identify articles published since the earlier review, three researchers [NJ-H, KL, CW]
conducted separate systematic searches using PubMed between February and May, 2015.
The searches used combinations of the following key terms: social, laboratory,
psychological, brief, Trier Social Stress Test, acute, stress, IL-18, TNF-a, CRF, IFN-y, IL-6,
Fibrinogen, inflammation, and cytokines. In addition, the reference lists of all identified
papers were scrutinized to identify other potentially relevant manuscripts.
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Inclusion/Exclusion Criteria

Identified studies were screened by three authors [NJ-H, KL, CW] and selected forV
inclusion using the following criteria: (1) peer-reviewed article published in an English
language journal, (2) described changes in concentration of inflammatory mediators in
response to an acute psychological laboratory stressor and evaluated at least one circulating
or stimulated marker of inflammation in peripheral blood samples. Inclusion criteria
matched those used by Steptoe et al (2007). Studies that examined the effects of acute
physical exercise and/or local cytokine production at the site of wounds were excluded.
Given a recent meta-analytic review of the effect of acute psychological stress on salivary
inflammatory markers (Slavish, Graham-Engeland, Smyth, Engeland, 2015), the current
review also excluded studies examining markers of inflammation in saliva. Consensus for
inclusion/exclusion of articles was obtained through discussion among all authors.

Data abstraction and Study Coding

Acrticles were examined for independent studies, and descriptions of “unique samples”
within these studies. “Unique samples” refers to subgroups of subjects examined within a
study. For example, a number of studies presented data separately for subjects with a health
condition and a healthy control group. Each of these groups was labelled as a “unique
sample” within the study. Information gathered included age and sex of participants, stressor
type, the length of time between insertion of the indwelling catheter and the baseline
measurement, the length of time between the end of the task and post-task blood draws, and
the dependent inflammatory measures. In addition, biological or psychological moderators
of the acute inflammatory response were recorded. Sample groups were coded as unhealthy
if they were described as having a chronic physical or mental health diagnosis. Sex was
coded as percent male. Stressor type was coded as a “social threat” if it was specified that
participants completed the Trier Social Stress Test (Kirschbaum et al., 1993) or a speech task
that involved social evaluative threat. The stressor type was coded as “other” for all other
tasks. For studies investigating stimulated cytokine responses, the type of stimulant was
coded as “LPS” for lipopolysaccharide or “PHA” for phytohaemagglutinin.

Three authors [NJ-H, KL, CW] extracted mean values for individual markers of
inflammation reported for each unique sample at each time point. When data could not be
obtained from the original article, the corresponding author was contacted by email, and a
follow-up email was sent after one month if there was no response. If the corresponding
author did not reply, the first author or senior author was contacted by email as an
alternative. If no data could be obtained, the study was not included in the analyses.

Study Selection

The initial search yielded 4,416 potentially relevant studies, 4,353 of which were excluded
based on the title or abstract alone. For circulating markers of inflammation, 42 articles were
subjected to full text review and a further 4 were excluded on the basis of the inclusion
criteria. We were not able to obtain data for nine of the selected studies, resulting in a final
sample of 33 studies (See Figure S1). For stimulated markers of inflammation, 21 articles
were subjected to full text review and 6 were excluded due to insufficient data, leaving a
final sample of 15 studies in the quantitative analysis (See Figure S2).
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Calculation of Effect Sizes

Results

Data were analyzed and aggregated using Comprehensive Meta-Analysis (CMA) software,
version 2.0 (M. Borenstein, Rothstein, & Cohen, 2005). Effect sizes were calculated using
standardized mean differences (Cohen’s d) derived from mean (+/- SD) difference in
concentration of each inflammatory marker from pre- to post-stress. Standardized
differences in means can be calculated using fixed or random-effects models. Given the
variation in effect sizes and populations across the identified studies and in order to permit
generalization of the results, we used a random-effects model in the calculation of aggregate
effect sizes, subgroup analyses, and meta-regression. Random-effects models provide a more
conservative estimate of the effect sizes than fixed-effects models. The sign of the effect was
calculated so that positive effect sizes reflected an increase in the immune marker in
response to psychological stress. Using Cohen’s criteria, effect sizes were interpreted as
small (0.2), moderate (0.5) or large (0.8) (Cohen, 1988).

Heterogeneity among study effect sizes was assessed by calculating the Cochrane’s Q test
and 12, The Q statistic provides an estimate of whether variability across studies is
sufficiently large to reject the hypothesis that they are from the same population. A< .10 was
considered significant. 12 represents the percentage of variability in the effect estimate that is
due to true, study-level differences rather than random sampling error (M. H. Borenstein et
al., 2009). As recommended by Higgins (Higgins, Thompson, Deeks, & Altman, 2003), 12 <
25% was interpreted as low, 50% as moderate, and 75% as high heterogeneity. Low levels of
12 reflect homogeneity, indicating that the dispersion of effect sizes around their mean is not
greater than what would be expected from sampling error alone. Subgroup analyses based on
sample or task characteristics were only conducted if there was evidence of significant
heterogeneity.

When indicated, subgroup moderation analyses were conducted to examine if effect sizes
differed by type of stressor (“social threat” versus “other”) or whether the population was
“healthy” or “unhealthy.” These analyses compared effect sizes across subgroups using the
between-group heterogeneity (Qg) test, which provides an estimate of the between-groups
variance. Effects were aggregated according to the categories within the moderator variable
of interest. Continuous moderators (age and percentage of each sample that was male) were
evaluated using meta-regression.

Publication bias was examined by computing a fail-safe N (the number of studies with a null
result that would be required to eliminate the significant effect) for each of the aggregated
effect sizes. In addition, funnel plots were constructed. A funnel plot displays the effect size
on the X-axis and the standard error for each study on the Y-axis. In the absence of
publication bias, the scatter is attributable to sampling variation and the plot should resemble
a symmetrical inverted funnel. Possible bias is represented by an asymmetrical distribution
with an overrepresentation of positive results in the literature.

The studies included in the meta-analyses are summarized in Table S1 (circulating markers)
and Table S2 (stimulated markers). Among articles that examined circulating markers of
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inflammation, 33 unique studies met inclusion/exclusion criteria (Figure S1; Table S1). Of
these, 24 studies recruited only healthy samples and 9 studies recruited samples with
rheumatoid arthritis, psoriasis, multiple sclerosis, coronary artery disease, major depressive
disorder, bipolar disorder or a past history of breast cancer, which were coded as unhealthy.
From these studies, a total of 35 unique healthy samples and 11 unique unhealthy samples
were used in the quantitative analysis of effect size. The average age of participants in these
groups was 48.7 years, although the range in age across studies was substantial (17 — 82
years). On average, males comprised 45% of the 44 unique samples that recorded sex.
Overall, 20 studies (26 unique samples) exposed participants to a social evaluative stressor
and 13 (20 unique samples) to a different laboratory task, including the Stroop task, mirror
tracing, mental arithmetic, auditory learning and recall tasks, anger and frustration recall,
and capsaicin injection.

Among studies reporting on stimulated markers of inflammation, 14 articles met inclusion/
exclusion criteria, describing 15 unique studies that were included in the meta-analysis
(Figure S2; Table S1). Among these, 8 studies reported on healthy samples only, and 7
included samples that were coded as unhealthy, including breast cancer survivors and
participants with breast cancer, rheumatoid arthritis, psoriasis, multiple sclerosis, depression,
chronic fatigue syndrome, or systemic lupus erythematosus. From these studies, a total of 17
unique healthy samples and 9 unique unhealthy samples were used in the quantitative
analysis. The average age of participants was 41.3 years, although the range in age across
studies was substantial (18 — 71 years). On average, males comprised 30.08% of the 26
unique samples that were examined. Overall, 13 studies exposed participants to a social
evaluative stressor, while 2 studies used different laboratory tasks, a mock job interview plus
difficult puzzle task and a mental arithmetic task.

Identified studies measured a wide range of circulating (IL-1, IL-1ra, IL-2, IL-4, IL-5, IL-6,
IL-7, IL-8, IL-10, IL-12, IFN-y, TNF-a, Fibrinogen, and CRP) and stimulated (IL-1, IL-2,
IL-4, IL-6, IL-6R, IL-10, TNF-a, and IFN-y) markers of inflammation. However, in many
cases, there were too few replications to meaningfully combine findings by meta-analysis.
When markers were assessed in 4 or fewer unique samples, we provide only a qualitative
description of results. We were able to calculate mean effects for 8 circulating (IL-6, TNF-a,
CRP, IL-1B, IL-1ra, IFN-y, IL-2, & IL-10) and 7 stimulated (IL-6, TNFa, IL-1pB, IFN~y,
IL-10, IL-2, IL-4) measures. IL-6 and TNF-a were the most commonly assessed cytokines.
Concentrations of cytokines were measured at various times following acute laboratory
stress, ranging from immediately following the task to 2 hours later. A majority of studies
reported the length of time between insertion of the indwelling catheter and the baseline
measurement to be 30 mins (19 studies for circulating, 8 for stimulated), with other common
times falling between 10 and 25 mins (10 studies for circulating, 4 for stimulated), and the
remaining studies reporting times greater than 30 mins (4 studies for circulating, 3 for
stimulated).

Circulating Inflammatory Markers

IL-6—IL-6 was the most frequently measured circulating marker of inflammation and the
analysis represented data from 2567 subjects within 41 unique samples taken from 29
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studies. There was no change in IL-6 from pre- to 0-10 mins post-stress, but an increase
when evaluated across 11-120 mins following acute stress (See Table 1). Figure 1 shows a
forest plot of effect sizes, confidence intervals, and sample sizes for mean changes in IL-6
from pre- to 11-120 mins post stress grouped by health status, as well as the pooled effect
estimates. Significant heterogeneity was observed across samples, with the 12 suggesting that
87.91% of the variation in IL-6 response was due to true study-level differences in effect size
rather than sampling error alone (Table 1).

Next, we examined whether magnitude of circulating IL-6 reactivity varied as a function of
time following the stressor (See Figure 2). From 11 — 120 mins post-stressor the magnitude
of stress-related increases in 1L-6 was significant at all times, with effect sizes ranging from
small at 11-30 and 40-50 mins post stress (N = 22, d = 0.12, CI [-0.001, 0.24], p=.05; N =
20,d =0.34, C1 [0.16, 0.51], p< .001, respectively) to moderate/large at 90 and 120 mins
post-stress (N =8, d = 0.7, Cl [0.45, 0.95], p<.001; N=8, d =0.63, CI [0.49, 0.76], p<.
001, respectively). At all times, significant heterogeneity was observed (Q’s = 15.43-281.64,
p's =.03to <.001).

Next, we examined the possibility that the effect size varied as a function of health status.
When averaged across measures taken 11-120 mins post stress, healthy samples showed a
significant increase in IL-6 from pre-to post-stress (d = .42, CI [0.29, 0.54], p< .001),
whereas the effect for unhealthy samples was not significant (d = .16, CI [-0.06, 0.37], p=.
16). Mixed-effects moderation analyses confirmed a larger mean effect among “healthy”
than “unhealthy” samples (Qg = 4.01, p =.045). Contrary to expectations, the assumption of
homogeneity was met for the “unhealthy” group (Q (df) = 6.29 (10), p=.71; 12 = 0), but not
for the “healthy” group (Q (df) = 302.51 (29), p< .001).

We also assessed whether 1L-6 reactivity varied as a function of task type (social threat vs.
other stressor). When averaged across 11-120 mins post stress, a significant increase in IL-6
was observed in response to both social threat (N = 27, d = 0.34, CI [0.25, 0.44], p< .001)
and other types of stress task (N = 13, d = 0.25, Cl [0.12, 0.39], p < .001), with no between
group difference in the magnitude of this effect (Qg = 1.15, p = 0.28).

Exploratory analyses were conducted to see if IL-6 reactivity varied as a function of assay
methods. The majority of studies employed R&D Systems ELISA Kits to assess IL-6 (N =
18), with the remaining 12 studies using a variety of methods (See Table S3). Magnitude of
change in IL-6 across 11-120 mins post stress did not differ significantly between these
groups.

Finally, we employed meta-regression to evaluate the association of magnitude of IL-6
response with age and percentage of the sample that was male. These analyses revealed no
significant relationships of age or percentage male with mean stress-related increase in IL-6
(Q=0.48, p=.49 and Q = 0.11, p= .74, respectively; see Figures S4 and S5). Among the 14
studies that examined female only samples, a significant stress-related increase in IL-6 was
observed (d = 0.34, CI [0.20, 0.48], p< .001.
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TNF-a—The meta-analysis of stress-related changes in circulating TNF-a included 17
unique samples from 11 studies (total = 757 subjects). Results showed no significant change
in TNF-a from pre- to 0-10 mins post-stress, but a small increase when averaged across 20—
120 mins post-stress (see Table 1). Figure 3 shows a forest plot of the pre to 20-120min post
stress effect sizes and the pooled effect estimate grouped by health status. Significant
heterogeneity was observed across trials (see Table 1), with 89% of the total variation in
TNF-a response estimated to be due to true variability between study effect sizes rather than
sampling error alone.

The magnitude of the TNF-a effect varied as a function of time following the stressor (see
Figure 2). No significant change in TNF-a concentration was observed until 31-50 mins
post-stress when a moderate increase was seen (N = 10; d = .44 CI1 [0.10, 0.78], p=.01).
This effect was no longer significant at 60—75mins post-stress (N =7; d = .04, p=.78). At
all times significant heterogeneity was observed (Q’s = 19.39-139.39, p’s = .004 to < .001).

Ten TNF-a samples were classified as “healthy” and 7 as “unhealthy.” The magnitude of
effect did not vary as a function of health status when assessed from pre- to 20-120 mins
post-task (Qg = 1.93, p=.16) or from pre- to 31-50 mins post-task (Qg = .97, p=.33). Out
of the 17 samples that assessed TNF-a, 12 employed a social threat task and 5 a different
stressor. When averaged across measures taken 20-120 mins post-stressor, a significant
increase in TNF-a was observed in response to social threat (d = 0.34, Cl [0.04, 0.64], p=".
026), but not other types of stress (d = 0.16, ClI [-0.29, 0.61], p = .47). However, mixed-
effects moderation analyses showed no significant between group differences in the
magnitude of this effect (Qg = 0.40, p=.53). These results suggest that type of stressor did
not significantly influence TNF-a response. Results of meta-regression showed no
significant moderation of mean effect size by age (Q (df) = 1.13 (1), p=.29) or sex (Q (df) =
2.27 (1), p=.13).

CRP—Six studies, including results from 9 unique samples and 266 participants measured
changes in circulating CRP in response to stress. There was no evidence for a significant
change in CRP from pre- to 0-10, 20-30 (N = 8, d = .04, p=.89), or 20-120 mins post
stress (See Table 1). Although there was evidence for heterogeneity of effects measured 0—
10 mins after stress, effect sizes were homogeneous when assessed across 20-120 mins after
stress. There were too few studies to systematically examine health status, type of stress, or
demographic factors.

IL-1B—Six studies, including results from 8 unique samples and a total of 229 subjects,
assessed circulating IL-1p reactivity. Only 1 study reported cytokine concentrations at 0-10
mins post-stressor. When averaged across 20-120 mins post-stress, an increase in IL-1
concentration was observed, with significant heterogeneity between groups (See Table 1).
Significant increases in IL-1f were observed from pre- to 20-30 (N =5, d = .35, p<.001),
40-50 (N =6,d =.73, p=.02) and 60-75 (N =5, d = .32, p< .001) mins post-stress (see
Figure 2). There was no significant difference in the magnitude of the effect between
“healthy (N = 5)” and “unhealthy (N = 3)” samples (Qg = .74, p=.39). All but one study
employed a social threat task and there was insufficient data to reliably assess moderation by
age or sex.
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IL-2—Seven unique samples from 4 studies (total N = 164) examined IL-2 reactivity. When
averaged across samples collected 20-120 mins following stress, there was no significant
stress-related change in IL-2 concentration (see Table 1). However, there was an increase in
IL-2 from pre- to 40-50 mins post-stress (N = 6, d = .40, p < .001), with a similar trend at
20-30 (N =5,d =.24, p=.15) and 80-90 (N =5, d = .25, p=.09) mins following stress.
Effect sizes were homogeneous at 40-50 mins following stress (Q (df) = 1.19 (5), p=.95),
but heterogeneous at other time points (Q = 16.26 (4), p=.003 at 20-30mins and Q = 12.88
(4), p=.01 at 80-90 mins).

IL-10—~Four studies representing 6 unique samples and a total of 191 subjects assessed
circulating concentration of IL-10. Results showed a significant increase in circulating IL-10
from pre- to 20-120 mins post-stressor, with significant heterogeneity in magnitude of effect
(See Table 1). Significant increases in IL-10 were observed from pre- t0 20-30 (N =4,d =.
18, p=.03) and 40-50 (N =5, d = .24, p=.003) min post-task, with a similar tendency at
80-90 mins post-task (N =5, d = .11, p=.14). There were too few studies to examine health
status and all 4 studies employed a social threat task.

IFN-y—Three studies (5 unique samples including a total of 136 subjects) examined stress-
related changes in circulating IFN-vy. There was no evidence for a significant change in
circulating concentration of this cytokine in response to acute stress (See Table 1).

Cytokines Assessed in Fewer than 5 Independent Samples

A number of cytokines were assessed in too few studies to reliably determine mean effect
sizes. Preliminary standardized mean differences from pre- to post-stress were calculated to
inform future research. Findings showed a possible stress-related increase in IL-4 (2 studies;
N = 4 unique samples; d = 0.23, p=.04) and decrease in IL-8 (2 studies; N = 4 unique
samples; d =-1.2, p=.03) and IL-12 (N =1, d = -.71, p=.004). There was no preliminary
support (p’s >.10) for stress-related changes in IL-1ra (N = 4; d = .46), IL-5 (N =4, d = .15),
IL-7 (N =4,d=.03), IL-6r (N=2,d=-.08), or fibrinogen (N = 1, d =.10).

Biological and Psychological Moderators of Circulating Inflammatory Response

There were too few studies to systematically review individual moderators of the magnitude
of stress-related changes in circulating inflammatory mediators. Results of studies that
examine moderators of stress reactivity are described in Table S4. In general, biobehavioral
(e.g., smoking, lower physical fitness, obesity, poor sleep), demographic (African American
race, lower socioeconomic status), and psychosocial (e.g., negative affective responses to the
task, loneliness and high effort-reward imbalance) health risk factors associated with larger
stress-induced increases in circulating markers of inflammation. Increased circulating
inflammatory mediators also accompanied lower cortisol (Kunz-Ebrechet et al., 2003) and
higher norepinephrine reactivity (Kop et al., 2008). In contrast, psychosocial factors that are
widely considered health-protective (e.g., positive affect, social support, self-compassion,
compassionate meditation) tended to associate with less stress related change in
inflammatory mediators.
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Stimulated Inflammatory Markers

IL-6—IL-6 was the most frequent stimulated measure of inflammation, with 24 unique
samples taken from 11 studies (724 subjects). IL-6 production was stimulated with LPS in
20 samples and with PHA in the remaining 4 samples. Results showed no mean change in
LPS-stimulated IL-6 production from pre- to 0-10 mins post-stress (See Table 2). However,
there was a tendency for LPS-stimulated I1L-6 production to increase when averaged across
15-120 mins after stress (N = 20, d = .23, p=.06), with significant heterogeneity between
samples (See Table 2). Preliminary evidence showed a larger effect for samples stimulated
with LPS than PHA (Qg = 4.14, p=.04), but this should be interpreted with caution because
only 3 samples measured PHA-stimulated samples beyond 10 mins after stress. For samples
stimulated with LPS, the largest effects were observed for measures taken 11-30 mins after
stress (N = 11; d = .44, Cl [-0.02 to 0.90], p=.06; Q (df) = 125.8 (10), p< .001). Measures
taken 40-90 mins after stress showed no significant difference from pre-stress concentration
(N =10,d=-0.02, CI [-0.28, .0.24], p=.89). The magnitude of effect size was similar for
“healthy (N = 15)” and “unhealthy (N = 9)” samples, regardless of assessment time (Qg =
1.11, p=0.29). Effect sizes were also similar in response to social threat (N = 18) and other
(N = 6) stressors (Qg = 1.13, p=0.29). Only 29% of the total stimulated IL-6 sample was
male and there was insufficient data to reliably assess moderation by age or sex.

TNF-a—Nine studies examined stress-related changes in stimulated TNF-a. Mean effect
sizes were calculated for the 8 studies that employed LPS (14 unique samples; 611 total
subjects). Of the 14 samples, 8 examined “healthy” and 6 “unhealthy” samples, and 12
employed a social threat stressor. Results revealed a significant increase in stimulated TNF-
a from pre- to 20-30 mins post stress (N = 8; d = 0.57, CI [0.08, 1.06], p=0.02), with
significant heterogeneity between samples (Q (df) = 116.8 (8), p<.001; © = 0.72; 12 = 93).
Effects were similar for “healthy” and “unhealthy” samples (Qg = 2.22, p=.14). There were
no significant effects of acute stress on stimulated TNF-a when assessed 0-10, 40-75 (N =
8;d =-.24, CI [0.17, -0.05], p = 0.16), or across 20-120 mins post-stress (See Table 2).
There was insufficient data to reliably examine moderation by sex or age.

IL-1p—Seven unique samples (3 healthy and 4 unhealthy) from 4 studies (281 subjects)
examined LPS-stimulated production of IL-1p in response social threat stress. Results
showed a significant increase in IL-1f production from pre to 20-50 mins post social threat
(N=7;d=1.04, Cl[0.34, 1.70], p=.002), with significant heterogeneity between samples
(Q (df) =117.2 (6), p<.001, T = 0.85, 12 = 94.9). A significant mean effect was also
observed when measures were averaged across 20-120 mins following stress (See Table 2).

IFN-y—Three studies with 5 unique samples (3 healthy and 2 unhealthy) and a total of 153
subjects examined PHA-stimulated production of IFN-y in response to social threat stress.
Here, results revealed a significant mean increase in IFN-y from pre- to 0-10 min, with
homogeneous effect sizes (Table 2). There was no evidence of a stress-related change in
stimulated IFN-+y at later time points or when averaged across 20—75 mins after stress (Table
2).
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IL-4—The IL-4 analysis included 153 subjects from 3 studies (5 unique samples) All used
PHA and employed a social threat stressor. Results revealed a significant decrease in IL-4
production from pre-to 0-10 mins post stress, with significant heterogeneity across samples
(See Table 2). Preliminary results from the 4 samples that examined IL-4 production at later
time points were not significant (See Table 2).

IL-2—Three studies (6 unique samples) including 124 subjects examined changes in PHA-
stimulated IL-2 production in response to social threat stress. Results showed no significant
stress-related change in IL-2 (See Table 2).

IL-10—Three studies (6 unique samples; 127 subjects) assessed changes in stimulated IL-10
in response to social evaluative threat. Preliminary findings showed no significant stress-
related change in LPS or PHA stimulated 1L-10 production (See Table 2).

Biological and Psychological Moderators of Stimulated Inflammatory Response

Results of studies that examined moderators of stimulated inflammatory response are
described in Table S5. Few moderators were examined more than once. The majority of
these studies show an association of psychosocial/biological health risk factors (e.g.,
postmenopausal status, BMI, loneliness, negative affect, stress appraisal, fatigue) with
increased stimulated production of inflammatory cytokines in response to acute laboratory
challenge.

Testing for Publication Bias

Figure S5 displays funnel plots for a subset of cytokines that were significantly changed by
acute psychological stress. The Egger’s regression intercepts shown in Table S6 reflect the
degree to which the intercept deviates from 0, with larger numbers reflecting more
pronounced asymmetry. If the p-value of the intercept is < 0.1 then publication bias is
possible. Results suggest potential publication bias for studies examining changes in
concentration of circulating 1L-10 and IL-1p and stimulated concentration of IL-1p, TNF-a,
and IL-4.

Discussion

Summary of Changes in Circulating Concentration of Inflammatory Mediators

The current review partially confirms and extends findings from an earlier meta-analysis of
studies examining changes in inflammatory mediators in response to acute laboratory stress
(Steptoe et al., 2007). The 2007 review assessed 18 studies that measured circulating
concentrations of IL-6, IL-1p, TNF-a, and CRP; here, we expand this review to 33 studies
(11 included in both reviews) and a wider range of inflammatory markers (IL-14, IL-1ra,
IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12, IFN-y, TNF-a, Fibrinogen, and CRP).
Consistent with earlier findings, we found robust stress-related increases in IL-6 and I1L-1p
of moderate to large effect size, although the IL-1 findings should be interpreted with
caution due to risk of publication bias. The current review also revealed small to moderate
increases in TNF-a, IL-2 and IL-10 following acute challenge, although publication bias
was a concern for IL-10. We did not confirm the marginally significant increase in CRP that
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was observed by Steptoe et al (2007), with no current evidence of stress-related change in
this marker. We also found no evidence of stress-related increase in IL-1ra or IFN-y.
Although there were too few studies for findings to be considered reliable, initial evidence
suggests an increase in IL-4, and a decrease in IL-8 and 1L-12 following stress.

Dynamics of the observed responses differed by cytokine, with no significant increases in
circulating IL-6, TNF-a, IL-1B, IL-2 or I1L-10 within the first 10 mins, but increases in all of
these cytokines evident by 40-50 mins after stress. For IL-6, the response was of greater
magnitude and more prolonged, with moderate to large increases seen at 90 and 120 mins
following stress. It is possible these different response patterns reflect the half-lives of the
respective cytokines or differences in clearance mechanisms (Oliver et al., 1993). Research
following subjects for more than 2 hours is needed to determine when peak and recovery
occur for IL-6.

Considerable heterogeneity of effect sizes across studies was observed on analysis of all
circulating cytokines. This variance may relate to the different populations that were
examined across studies. In this regard, consistent with the findings of Steptoe et al (2007),
we observed larger stress-related increases in circulating IL-6 among healthy samples than
among varied clinical populations. However, no differences in the magnitude of effects
between healthy and clinical groups were observed on analysis of the other cytokines. Effect
sizes were also similar when responses to social evaluative threat were compared with
responses to other psychological challenges. Additionally, there were no systematic
differences in magnitude of increase in IL-6 or TNF-a as a function of sex or age of the
participants. Finally, results of individual studies suggest that physical and psychosocial
factors may moderate magnitude of cytokine responses to stress, with biobehavioral and
psychosocial health risk factors associating with larger stress-induced increases in
circulating markers of inflammation. Future work should continue to explore individual
differences that may account for heterogeneity in effect sizes across studies.

Summary of Changes in Stimulated Production of Inflammatory Mediators

The current review included results from 15 studies that examined inflammatory cytokine
production by white blood cells stimulated /n vitro, 8 of which were included in the Steptoe
et al (2007) review. Recent studies examined a broader range of cytokines than the earlier
review, permitting an examination of acute stress-related changes in stimulated production of
IL-6, TNFa, IL-1B, IFN-7, IL-10, IL-2, IL-4. The most commonly measured cytokines were
IL-6 and TNF-a. In contrast to earlier findings (Steptoe et al., 2007), the current review
revealed a moderate increase in both stimulated 1L-6 and TNF-a production that peaked
between 10 and 30 mins after acute stress. This effect was larger in response to LPS than
PHA. Consistent with Steptoe et al (2007), we observed a robust increase in LPS-stimulated
production of IL-1p across 20 to 50 mins following stress. We also extended earlier findings
to show an increase in PHA-stimulated production of IFN-y and a decrease in PHA-
stimulated production of I1L-4 in the first 10 minsfollowing stress. Findings did not support
stress-related changes in IL-2 or IL-10 production. We found no evidence that magnitude of
any of the observed effects differed as a function of health status of the sample or the type of
stress task. Similar to the circulating results, there was considerable heterogeneity of effect
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sizes across studies for all of the stimulated cytokine measures. There was also evidence of
possible publication bias for stimulated TNF-a., IL-1p and IL-4, raising concerns regarding
whether the published literature accurately reflects the full range of findings.

Mechanisms of change in inflammatory mediators in response to acute stress

Results of this review show increased circulating and stimulated concentration of
proinflammatory cytokines (IL-6, IL-1B, TNF-a) following exposure to brief laboratory
stress. Interestingly, stimulated responses were observed earlier than circulating responses,
raising the possibility that stress-related increases in cytokine production by immune cells
contributes to increased circulating concentration. The primary immune cells responsible for
production of these pro-inflammatory cytokines are monocytes/macrophages. During
infection, microbial products (e.g. LPS) bind to toll-like receptors (TLRs) on these cells
promoting the release of TNF-a and IL-1pB, which, in turn, stimulate the release of IL-6
(Akira & Takeda, 2004; Mosser & Edwards, 2008). These cytokines mediate local and
systemic inflammatory responses (Dantzer et al., 1998).

A diverse set of regulatory mechanisms function to constrain inflammation both locally and
systemically. Locally, cytokines are regulated by their short half-lives (range 1-4 hours), the
presence of receptor antagonists, and the production of anti-inflammatory cytokines (e.g.
IL-10 and IL-4; Dinarello, 2000; Roitt & Delves, 2001). Systemically, IL-6 activates the
hypothalamic-pituitary-adrenal (HPA) axis leading to the release of cortisol (Papanicolau,
Wilder, Manolagas, Chrousos, 1998), which functions via glucocorticoid receptors on
immune cells to inhibit production of proinflammatory cytokines and downregulate
inflammation (Miller et al., 2002; Eisenberger & Cole, 2012).

Acute psychological stress activates biological pathways that contribute to the regulation of
IL-6, TNF-a and IL-1B production by immune cells (Sanders & Kavaleers, 2007;
Eisenberger & Cole, 2012). These pathways include the sympathetic nervous system (SNS),
which activates immediately following stress exposure, and the HPA axis, which activates
more slowly taking 20-30 mins from stressor onset for cortisol to reach peak levels and an
hour or more to return to pre-stress levels (Dickerson & Kemeny, 2004; Sapolsky, Romero,
Munck, 2000). It is proposed that these pathways serve an adaptive role, functioning
together to regulate peripheral inflammatory responses and promote survival of the organism
(Dhabhar, 2009; Dhabhar, 2014; Sapolsky et al., 2000). In this regard, activation of the SNS
is associated with release of catecholamines that activate nuclear factor xB (NF-xB), a
transcription factor that triggers expression of proinflammatory genes and production of
IL-6, TNF-a, and IL-1p by immune cells (Bierhaus et al., 2003). This proinflammatory
response may have evolved to protect the organism from immediate injury or infection
(Dhabhar & McEwen, 1997; Segerstom & Miller, 2004). However, there are metabolic and
health costs to prolonged activation of inflammatory processes (Dhabhar, 2014; Sapolsky et
al., 2000). Thus, it is proposed that the delayed cortisol response evolved to shut down the
inflammatory response, with glucocorticoid receptors functioning to down-regulate NFxB
activity and decrease cytokine production (Lieberman, 2007).

In support of this stress response system, rodent and /n vitro findings show that
sympathoadrenal activation drives stress-related increases in circulating markers of
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inflammation (Bierhaus et al., 2003; Johnson et al., 2005; Szabo et al., 1997). Studies in
humans show similar results with activation of the SNS in response to acute stress predicting
increased expression of proinflammatory genes and circulating concentrations of
inflammatory cytokines (Brydon et al., 2005; Kop et al., 2008). It is also possible that stress-
related decreases in activation of the parasympathetic nervous system (PNS) contribute to
increased inflammation. The PNS acts through acetylcholine receptors in immune cells to
down-regulate pro-inflammatory cytokine production (Borovikova et al., 2000; Marsland,
Gianaros, Prather, Manuck, 2007) and circulating markers of inflammation (Sloan et al.,
2007; Pavlov & Tracey, 2005). Interestingly, the magnitude of cortisol and sympathetic
responses to acute stress are positively related (Cacioppo et al., 1998; Cohen et al., 2000),
supporting the possibility that they are part of a coordinated control mechanism. Stress-
induced increases in cortisol associate with decreased activation of NF-kB (Wolf, Rohleder,
Bierhaus, Nawroth, & Kirschbaum, 2009) and attenuated increases in circulating
concentration of IL-6 and IL-1ra (Kunz-Ebrecht et al, 2003). Thus, the HPA axis may
contribute to the down-regulation of the inflammatory response to stress.

It is also possible that acute stress-related increases in circulating concentration of cytokines
derive from sources other than increased transcription of pro-inflammatory genes. An older
literature shows changes in the numbers of circulating immune cell subtypes in response to
acute stress (Dhabhar & McEwen, 1997; Dhabhar, Miller, McEwen, & Spencer, 1995;
Manuck et al., 1991). This redistribution of cell populations is driven by sympathoadrenal
activation (Manuck et al., 1991; Bachen et al., 1992), possibly via changes in expression of
adhesion molecules on the surface of lymphocytes, leading to their release from the marginal
pools of blood vessels into general circulation (Goebel & Mills, 2000). Stress-related
changes in circulating cell subtypes favors an increase in cells, such as natural killer cells,
that may contribute to pro-inflammatory cytokine production.

Clinical Implications

Individuals vary markedly in the magnitude of change in inflammatory mediators in
response to acute stress and there is some evidence that this variability is relatively stable
across time (Mon Kanel 2006; Breines et al., 2014; Lockwood, John-Henderson, Marsland,
2016), and may even increase in magnitude in response to repeat testing (Rohleder, 2014;
Mclnnis et al., 2015). Thus, it is conceivable that there is a meaningful distribution of
differences in stress reactivity that may form a physiological basis for differences in
susceptibility to disease. Individuals who mount larger increase in inflammatory mediators
in response to the stresses of everyday life may be less susceptible to acute infections, but
more vulnerable to chronic systemic inflammation and inflammatory disease, particularly
when exposed to recurrent naturalistic stress.

It remains to be determined whether individuals who mount larger increases in inflammatory
mediators in response to acute stress are protected from infection in the short-term.

However, there is some evidence linking magnitude of reactivity to risk for chronic
inflammatory disease. For example, larger increases in circulating IL-6 in response to
laboratory stress predict systolic blood pressure 3 years later (Brydon & Steptoe, 2005).
Similarly, acute stress-related increases in circulating TNF-a., but not IL-6, associate with
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increased future arterial stiffness (Ellins et al., 2008). In our work, we have also shown a
positive association between magnitude of IL-6 reactivity to acute stress and circulating
concentration of CRP among males (Lockwood et al., 2016). This raises the possibility that
individuals who mount larger increases in inflammatory mediators in response to acute
stress have higher tonic levels of systemic inflammation that are known to predict future risk
for cardiovascular disease (Danesh et al, 2004; Hennekens, Buring, Rifai, 2000; Ridker,
Rifai, Stampfer, Hennekens, 2000; Ridker et al., 2000). Taken together, these findings raise
the possibility that stressor-evoked inflammatory mediator reactivity has implications for
long-term health.

Limitations and Future Directions

Although the current meta-analysis included a larger body of literature than the review
conducted by Steptoe et al. in 2007, recent studies were subject to many of the same
limitations. As noted in the earlier review, few studies include a control condition and it
remains possible that diurnal variation in cytokine concentrations (Opp et al., 2007) or local
responses to the intravenous catheter (Haack, 2002) contribute to observed changes in
circulating cytokine levels. However, results from studies that do include a control group
suggest that these factors do not fully account for observed stress-related effects (Steptoe et
al., 2007 Brydon et al., 2004; Kunz-Ebrecht et al., 2003). Another limitation of the literature
involves failure to routinely consider the role of sex and age. Although we found no
significant relationship of the percentage of the sample that was male or age with stress-
related increases in circulating markers of inflammation, many of the studies were small,
focused on only one sex, or included unequal numbers of males and females. This is a
particular concern on analysis of stimulated markers of inflammation where only 30.08% of
the sample was male. Thus, the findings should be interpreted with caution, especially given
evidence in support of sex differences in magnitude of changes in inflammatory mediators
(e.g., Edwards et al., 2006; Hackett et al., 2012; Lockwood et al., in press; Prather et al.,
2009; Rohleder et al., 2003). Future work is needed to determine whether sex and age
moderate changes in inflammatory mediators that accompany acute stress.

In regard to stimulated cytokine responses, studies varied considerably in the methods that
were used, with differences in (a) how cells were prepared, using whole blood (e.g. Heesen
2005) versus isolated peripheral blood mononuclear cells (e.g., Buske-Kirshbaum 2007), (b)
the concentration of stimulant that was used, with concentrations of LPS ranging from .0001
ug/mL (e.g. Bower et al., 2007) to 2.5ug/mL (e.g. Prather et al., 2009), and (c) the
incubation time, ranging from 3 hours (e.g. Goebel et al., 2000) to 48 hours (e.g. Buske-
Kirschbaum et al., 2007). It is likely that these differences contribute to observed
heterogeneity of findings across studies. For example, length of incubation is likely to
influence observed responses given the dynamics of cytokine responses to stimulation and
the possible confound of secondary response to cell death among samples incubated for
longer periods (De Groote et al., 1992). In the future, standardization of methods across
studies is warranted to improve clarity of results.

To summarize, it is now well established that acute laboratory stress is associated with an
increase in circulating and stimulated concentrations of pro-inflammatory mediators. It
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remains to be determined whether these responses generalize from laboratory assessment to
immune measurement coincident with the naturally occurring stressors of daily life and
whether individuals vary reliably and predictably in the magnitude of these effects.
Longitudinal studies are needed to evaluate the clinical significance of these stress-induced
changes. These studies should consider the possibility that increased concentrations of
proinflammatory mediators are health protective in the short term, but may increase risk for
chronic inflammatory diseases over time.
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Highlights

. A meta-analysis of cytokine responses to acute psychological stress was
conducted.

. Results showed stress-related increases in circulating markers of
inflammation.

. Reliable increases in concentrations of IL6, IL1p, IL10 and TNFa were
observed.

. Stress effects on circulating cytokines peaked between 31 and 90 min post
stress.

. Stress also associated with increased stimulated production of IL1, 1L4 and
IFN-y
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Study Name Cohen's d (95% Cl) Cohen'sd LOWer UPPer ' oyiive
Limit Limit
Aschbacher, 2013 —l.— 0.08 -0.22 0.38 35 0.6
Breines, 2014 —— 0.68 0.38 0.99 41 <.001
Brydon, 2008 —— 0.54 0.31 0.77 67  <.001
Brydon, 2005 H- 0.13 -0.01 0.27 153 0.07
Carroll, 2011 - 0.07 -0.11 0.24 102 0.46
Christian, 2013 —— 0.72 0.41 1.04 39 <.001
de Brouwer, 2014 —— 0.26 -0.10 0.62 25 0.15
Derry, 2013 L g 0.57 0.45 0.69 260 <.001
Dugue, 1993 —_— -0.19 -0.86 0.48 7 0.58
Edwards, 2006 —— 0.32 0.04 0.60 40 0.03
Fagundes, 2013 -+ 0.67 0.51 0.84 138  <.001
Hackett, 2012 (female) E 2 0.39 0.28 0.51 241 <.001
Hackett, 2012 (male) + 0.21 0.11 0.32 283 <001
Hamer & Steptoe, 2007 - 1.67 1.48 1.85 207 <.001
Heesen, 2002 —— -0.05 -0.52 0.42 14 0.82
Healthy
Heffner, 2012 - 0.49 0.28 0.69 83 <.001
Kop, 2008 —— 0.72 0.32 112 24 <.001
Kuebler 2015 —_—— 0.58 0.18 0.97 23 <.001
Lutgendorf, 2004 —_— 0.08 -0.39 0.55 14 0.73
Miller, 2005 —— 0 -0.29 0.29 36 1
Muscatell, 2014 —— 0.88 0.51 1.25 31 <.001
Owen & Steptoe, 2003 H- 0.11 -0.01 0.23 211 0.07
Pace, 2006 —_— 0.66 0.12 1.19 13 0.02
Pace, 2009 (meditation) —— 0.27 -0.04 0.58 33 0.09
Pace, 2009 —— 0.13 .0.20 0.46 28 0.44
Puterman, 2013 —— 0.62 0.34 0.90 48 <001
Steptoe, 2001 - 0.36 -0.16 0.88 12 0.17
Weik, 2014 — 0.63 0.14 1.13 15 0.01
Weinstein, 2010 et 0.2 -0.28 0.67 14 0.41
Yamakawa, 2009 0 0.32 -0.13 0.76 16 0.17
Healthy Total <> 0.42 0.29 0.54 2253 <.001
Bennett, 2013 (Ca survivor) +& 0.16 -0.06 0.38 64 0.16
Bennett, 2013 (Ca/smoker) —— 0.31 -0.05 0.67 25 0.09
de Brouwer, 2013 (RA) —— 0.14 0.16 0.42 40 0.31
de Brouwer, 2014 (RA) -0.01 -0.32 0.30 32 0.97
" de Brouwer, 2014 (psoriasis) 0.2 -0.17 0.57 23 0.28
c(;'r"';'i‘:fc:n Heesen, 2002 (MS) -0.03 044 037 19 087
Kop, 2008 (CAD) 0.14 -0.16 0.45 34 0.35
Miller, 2005 (Depressed) 0.03 -0.26 0.32 36 0.83
Pace, 2006 (Depressed) —_— 0.56 0.05 1.06 14 0.03
Weik, 2014 (BPD) 0.28 -0.22 0.77 13 0.27
Weinstein, 2010 (Depressed) 0.02 -0.45 0.49 14 0.93
Clinical Total 0.16 -0.06 0.37 314 0.16
ES Total & 0.35 0.24 0.46 2567 <.001
-1 0 1 2

Decreasein IL.-6  Increase in IL-6

Random effects analysis grouped by health status. RA = rheumatoid arthritis; MS = muscular sclerosis; BPD= bipolar depression

Figure 1.

Forest plot showing standardized mean differences (Cohen’s d) and the pooled effect
estimate for changes in circulating IL-6 from pre- to average concentration between 11-120

mins post stress
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Standardized Mean difference (Cohen’s d) in Circulating Concentrations of IL-6, TNF-a
and IL-p from pre- to various times post-acute stress (* p <.05; ** p <.005)
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Lower Upper

Decreasein TNF

Increase inTNF

Random effects analysis grouped by health status. RA = rheumatoid arthritis; MS = muscular sclerosis; BPD= bipolar depression

Figure 3.

Forest plot of standardized mean differences (Cohen’s d) and the pooled effect estimate for
changes in circulating TNF-a from pre- to average concentrations between 20-120 mins

post stress
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Study Name Cohen's d (95% ClI) Cohen's d L L N P Value
Limit Limit
Altemus, 2001 _L_ —— 3.18 2.54 3.81 46  <.001
de Brouer, 2014 0.11 024 0.46 25 0.54
Hamer & Steptoe, 2007 ® 0.69 0.55 0.82 207 <.001
Heeson, 2002 T 0.37 027 1.01 8 0.26
Healthy Miller, 2005 -t -0.08 -0.37 0.22 36 0.61
Owen & Steptoe, 2003 0.06 -0.06 018 211 032
Steptoe, 2001 -T— 0.22 -0.29 0.73 12 0.4
Weik, 2014 . 0.25 -0.21 0.71 15 0.3
Weinstein, 2010 I 0.06 -0.41 0.53 14 0.79
Yamakawa, 2009 -0.04 -0.48 0.40 16 0.85
Healthy Total <> 0.43 0.11 0.74 590 0.008
de Brouwer, 2013 (RA) . 2 0.42 0.13 0.71 40  0.005
de Brouwer, 2014 (RA) 10 0.2 0.12 0.51 32 0.22
. de Brouwer, 2014 (Psoriasis) -0 0.31 -0.06 0.69 23 0.1
Ci::’;'i‘;fc:n Heeson, 2002 (MS) — 0.35 095 026 9 0.26
Miller, 2005 (depressed) 0.14 -0.15 0.44 36 0.34
Weik, 2014 (BPD) 0 -0.49 0.49 13 1
Weinstein, 2010 (Depressed) -0.32 -0.80 0.17 14 0.2
Clinical Total 0.08 0.29 046 167  0.68
ES Total L g 0.28 0.04 052 757  0.02
-1 0 1 2




Page 26

Marsland et al.

60 =d

1
‘700" >d
EZ
‘g0 >d
*
sIsAeue ayy ui papnjoul syuiod mE_HQ
‘9oUalalIp Ueaw pazipiepuels Ag pare|najed se azis 109 mw:..o_c:_mv

‘sajdwres Ayyjeayun pue Ayifeay yloq sspnjouj :S310N

80 €616 (98986 LG0T  [geT'e00]690 UMWOZI0Z 9 @ — — — — — — 0T

990 606 «9OTS9 0 [r0'te0-lzzo  uwos0z L 0 — — — — — — oz
0 0 ) 050 €50  [LT0'0T0-1v00 uwozI-0z 8 €50 00T6 9999 ge0 [290'Tz0-1TZ0 L dyd

€80 1876 @84S 0 [e0T'eo0-loz0 uwos0z ¥ 0— @ — — — — —  ANAl

Pr0  TE68 e 9T)BIBYT L BET  [260'p00]820 UWOZI-TT LT TL0  S9T6 .9MBTL g1 [ze0'sTO-l/€0 L P-dNL
G0 2926 (& 1907  2TLT [ggoY00-l9v0  WwWOZT-0Z ¥ — — — — — —  ar
290 0816 VP08 V8T [pTT'Tz0leg0  uwozT-0z 8 @ — — — — — — g

€0 1618 xxOP)IBOEE V19  [9p0'pgi0] 660 UWWOZI-TT Ty SvO'0 SYTT  (€7)89bT €67 [v1°0'T000-1200 +T  9-I

1 W0 2 10 9% S6leP el w2z g wd z  Dowstlel  u aupoiko

siulod awil pasde||od 48y1o |[e ulgT - 0

SJI0JRIPaW sunWWI JO SUoITeUadu0d Buie|naaid Bululwexs sasAjeue-e1aw Jo S1jNsal Jo Alewwng

T alqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Brain Behav Immun. Author manuscript; available in PMC 2018 August 01.



Page 27

Marsland et al.

@oua.\h
‘100" >d
x¥

‘50" >d

sisAfeue ayy ur papnjoul siutod awi

q

'90UBJaMHIP UBBW PazipJepuels Aq paje|nofes se azis 1088 sajeoiput,

‘papnjour sajdwes Ayeayun pue Ayijesy yioq SaioN

- - — — — 880 6TS6 x@WSTY  9gT-  [170'seT-1280- € (VHd) OT-I
920 9v'8e (2) see [6e0'€0-1tT00  wwg09 € — @ — — — — —  (sdm ot
0 0 (g) 550 [800'82°0-10T0-  UWS~0Z © 880 578 . PIETC  L0CT- [go0-'6r0-lzv0- &  (WHd) v
920 9g'6Y (¥) 06°L [os0 ‘'9T'0-12T°0 WWS/0Z S EP0 2r98 @YD zp1-  [1p0'T60-18E0- € (vHd) -l
ve0 zo9L (6 €8T lozo'svo-lzT0- wwg—0z v 6T0 eres s x0T [690'vz0l0 & (VHd) A-NdI
850 Yr'e6 (67 LT86T [6v'0',T0-19T0  WWOZI-0Z T 950 80T6 »x&)E600T 010  [ee0'se0-1200 0T  (Sd7) P-4NL
980 €86 (% 909TT [ST'zr0l60T  UWOZTI-0Z L SLO 6E€6 . ENWST  goT lovTzro-1v90 v  (sd7) d1-
0 0 @181 [oT 0'ccT-les0- uwwg-09 € — @ — — — — —  (VHd) 9l
670 6888 (67 TOTLL r'0'To0-1€20  WWOZI-ST 0z 660 218 «xCDM6EY o050  [og0'8T0-12900 €T (SdT) 9T
(quejnwns)
2 . [10 %56] P gdlL u oz 2 PO z [10 %56] P U BuPOIAD
syulod swin pasde]|o0d 1810 |8 )

Author Manuscript

SJOJRIPAL SUNLULI JO SUOITBAUSIUOD Pale|nwins Buluiwexs sasAjeur-elaw Jo Ss)nsal Jo Aewiwing

¢ dlqeL

Author Manuscript

Author Manuscript

Author Manuscript

Brain Behav Immun. Author manuscript; available in PMC 2018 August 01.



	Abstract
	Introduction
	Methods
	Literature Search Strategy
	Inclusion/Exclusion Criteria
	Data abstraction and Study Coding
	Study Selection
	Calculation of Effect Sizes

	Results
	Circulating Inflammatory Markers
	IL-6
	TNF-α
	CRP
	IL-1β
	IL-2
	IL-10
	IFN-γ

	Cytokines Assessed in Fewer than 5 Independent Samples
	Biological and Psychological Moderators of Circulating Inflammatory Response
	Stimulated Inflammatory Markers
	IL-6
	TNF-α
	IL-1β
	IFN-γ
	IL-4
	IL-2
	IL-10

	Biological and Psychological Moderators of Stimulated Inflammatory Response
	Testing for Publication Bias

	Discussion
	Summary of Changes in Circulating Concentration of Inflammatory Mediators
	Summary of Changes in Stimulated Production of Inflammatory Mediators
	Mechanisms of change in inflammatory mediators in response to acute stress
	Clinical Implications
	Limitations and Future Directions

	References
	Figure 1
	Figure 2
	Figure 3
	Table 1
	Table 2

