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Abstract

Individuals differ consistently in the magnitude of their inflammatory responses to acute stressors,
with females often showing larger responses than males. While the clinical significance of these
individual differences remains unclear, it may be that greater inflammatory responses relate to
increased systemic inflammation and thereby risk for chronic inflammatory disease. Here, we
examined whether acute stressor-evoked interleukin (IL)-6 responses associate with resting levels
of C-reactive protein (CRP), a marker of systemic inflammation, and whether this association
differs by sex. Subjects were 57 healthy midlife adults (30-51 years; 33% female; 68% white).
Blood was drawn before and 30-min after two mental stress tasks: a multisource interference task
and a Stroop color word task. Hierarchical regressions controlling for age, sex, race, and BMI
tested whether stressor-evoked IL-6 responses were associated with resting CRP and whether this
association differed by sex. Results indicated that sex and stressor-evoked IL-6 responses
interacted to predict CRP (4R = .08, B = -1.33, 8 =-.39, p=.02). In males, larger stressor-
evoked IL-6 responses associated with higher CRP, whereas in females, stressor-evoked IL-6
responses showed a non-significant negative association with CRP. These findings indicate that
inflammatory responses to acute stressors associate with resting levels of CRP; however, this
association differs by sex. Previous literature suggests that there are sex differences in stressor-
evoked IL-6 responses, but this is the first study to show sex differences in the relationship
between acute inflammatory responses and systemic inflammation. The contribution of these sex
differences to inflammatory disease risk warrants further investigation.
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1.0 Introduction

Cardiovascular disease (CVD) is the leading cause of death in the US and other developed
nations (Mozaffarian et al., 2015). Inflammation plays a key role in CVD pathophysiology.
Long before the onset of clinical symptoms, chronic inflammatory processes occur in
arterial walls, resulting in the development of atherosclerosis (Libby et al., 2002; Ross,
1999). These processes include the recruitment and activation of immune cells that release
proinflammatory cytokines, such as interleukin (IL)-6, which coordinate both local and
systemic inflammatory responses. Systemically, proinflammatory cytokines enter the
bloodstream and stimulate the production of acute phase proteins, such as C-reactive protein
(CRP) (Steptoe and Brydon, 2005). Levels of these proteins can be reliably detected in
peripheral circulation and are thought to reflect systemic levels of inflammation. Higher
basal levels of inflammatory markers in peripheral circulation, such as IL-6 and CRP, predict
increased risk for CVD (Danesh et al., 2008, 2000; Kaptoge et al., 2010). Despite this
relationship, the physiological mechanisms underlying systemic elevations in circulating
inflammatory markers are not entirely clear.

Although numerous factors contribute to systemic levels of inflammation, recent attention
has focused on the possibility that psychological stress plays a role. In this regard, levels of
circulating inflammatory markers increase after exposure to acute psychological stress
(Rohleder, 2014; Steptoe et al., 2007). Laboratory studies show that individuals differ
consistently in the magnitude of their immune responses to acute stress, with some
individuals showing large responses across occasions of testing and others little or no
response (Black, 2003; Cohen et al., 2000; Marsland et al., 2002, 1995). Stressor-evoked
inflammatory responses are related to a number of psychosocial and biological factors,
including state negative affect (Carroll et al., 2011), socioeconomic status (Brydon et al.,
2004; Derry et al., 2013) and adiposity (Brydon et al., 2008; Mclnnis et al., 2014). However,
little is known about how stressor-evoked inflammatory responses are related to disease risk.
Stable individual differences in magnitude of stressor-evoked inflammatory responses may
have implications for susceptibility to disease (Miller et al., 2011), with individuals prone to
larger acute stressor-evoked inflammatory responses at presumably increased risk for
inflammatory diseases like CVD. Thus, to the extent that larger acute stressor-evoked
inflammatory responses are stable biological phenotypes of individuals, they may relate to
heightened basal levels of systemic inflammation and greater CVD risk.

Critically, however, there are major gaps in our knowledge about the extent to which
stressor-evoked changes in circulating inflammatory markers relate across individuals to
known predictors of CVD risk. To date, only two studies have tested whether stressor-
evoked inflammatory responses are associated with CVD risk. The first of these studies
reported that acute stressor-evoked IL-6 and fibrinogen responses predicted ambulatory
blood pressure at a 3-year follow-up (Brydon and Steptoe, 2005). The second study found
that tumor necrosis factor alpha responses, but not I1L-6 responses, predicted carotid artery
stiffness at a 3-year follow-up (Ellins et al., 2008). Although more work is needed in this
area, these findings are consistent with the possibility that stressor-evoked inflammatory
responses predict vulnerability to CVD.
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Additionally, there may be sex differences in the association between stressor-evoked IL-6
responses and basal inflammation. Although there are not consistent sex differences in basal
levels of IL-6 (Chapman et al., 2009; Gruenewald et al., 2006; Sadeghi et al., 2005),
previous reports indicate that there are sex differences in stressor-evoked IL-6 responses.
Specifically, females tend to show larger stressor-evoked I1L-6 responses compared with
males (Hackett et al., 2012; Steptoe et al., 2002) and may show more prolonged elevations in
IL-6 compared with males (Edwards et al., 2006). This finding is not consistent across all
studies (Brydon and Steptoe, 2005; Carroll et al., 2011), but it does suggest that sex
differences in stressor-evoked IL-6 responses should be considered. In addition, there are sex
differences in CVD incidence (Lerner and Kannel, 1986; Roger et al., 2012), suggesting that
there are sex-related biological factors that impact CVD risk; sex differences in the
association between stressor-evoked IL-6 responses and basal inflammation may be one
such factor.

Importantly, IL-6 triggers downstream production of CRP (Heinrich et al., 1990; Kerr et al.,
2001), which is an established marker of CVD risk (Parrinello et al., 2015). Here, we focus
on this downstream biomarker of the inflammatory process that is more proximal to the
development of CVD. Accordingly, the current study examined whether individuals who
show larger increases in IL-6 following acute psychological stress have higher circulating
levels of CRP. Specifically, we hypothesized that larger acute stressor-evoked IL-6 responses
would be associated with higher basal levels of CRP. Based on evidence for sex differences
in both stressor-evoked IL-6 responses and patterns of CVD incidence, we also tested if the
magnitude of IL-6 response differs by sex and whether sex moderates the association
between IL-6 response and CRP. These questions were examined in healthy midlife adults
who participated in a laboratory study on the physiological correlates of stress and CVD
risk.

2.0 Methods

2.1 Participants

Participants were drawn from the Pittsburgh Imaging Project, a study of 331 healthy adult
volunteers residing in Allegheny County, Pennsylvania. The phase of data collection for the
work reported here occurred between September 2011-October 2014. A subsample of 91
participants completed a separate protocol at the end of the recruitment period (September
2013-October 2014) to assess psychophysiological and inflammatory responses to
laboratory stressors (see Supplementary Figure 1 for participant flow from recruitment
through analysis). Participants were between the ages of 30-51 and recruited through mass
mail solicitations. The analytic sample was composed of participants who had CRP data and
both pre- and post-task measures of IL-6. A total of 32 participants were not included in the
analytic sample due to missing IL-6 data (N = 27) or missing CRP data (N = 5). The 27
participants were missing IL-6 data due to refusal to undergo intravenous catheterization
(N=9) or blood sampling problems (N=18) at the time of the laboratory stress session. There
were no statistically significant differences in age, sex, or BMI between participants who
completed the blood draw at the laboratory visit and those who did not. In addition, one
participant was excluded from the analytic sample due to relatively high basal IL-6
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(11.33pg/mL) and another was excluded due to a high IL-6 raw change score (4.95pg/mL);
these values deviated substantially (SD >6) from the means for basal IL-6 and IL-6 raw
change scores.

Descriptive statistics were assessed for the 57 remaining participants (Table 1). The sample
included 38 males and 19 females. The majority of participants identified as White (68%)
and 25% identified as Black. For analytic purposes, the four participants who did not
identify as White or Black were grouped with Black participants; the new group was thus
comprised of non-White individuals. Average annual family income was $61,119, though
there was a sizable range (SD =$44,245). A large proportion of participants had completed
college (52.3%) or graduate education (33.3%). The sample was slightly overweight, with a
mean BMI of 26.17. The majority of participants had never smoked (74%). On average,
participants had low levels of IL-6 (M =1.24pg/mL, median = 1.08, interquartile range =
0.74) and CRP (M= 0.17 mg/dL, median =0.09, interquartile range = 0.15).

Exclusion criteria for the study included: history of any cardiovascular disease (including
hypertension); prior cardiovascular or cerebrovascular surgery; chronic kidney or liver
conditions; Type | or Il diabetes; and any pulmonary or respiratory diseases. Participants in
the analytic sample were also free of inflammatory disorders. Individuals were excluded if
they reported a history of treatment for mental health problems or a problem with alcohol or
substance abuse during an initial phone screen. Exclusion criteria also included regular use
of corticosteroid inhalers or use of any cardiovascular, psychotropic, or lipid lowering
medications. None of the participants in the analytic sample reported using prescription
medications known to affect inflammatory markers within the past six months. This study
had a magnetic resonance imaging component completed on a separate day from the stress
reactivity protocol reported here and thus excluded participants with: history of neurosurgery
or a neurological condition; head trauma leading to loss of consciousness; pregnancy; and
claustrophobia or metallic implants. Participants received monetary compensation for
participating in the study and informed consent procedures were carried out following
guidelines of the University of Pittsburgh Institutional Review Board.

2.2 Procedures

2.2.1 Protocol Overview—Data collection took place during three study visits over an
approximately 2-month long period. At study visits 1 and 2, all study participants completed
questionnaire measures, assessments of anthropometric measures and biomarkers of
cardiovascular risk (e.g., fasting blood sample for lipid levels and CRP), and functional
magnetic resonance imaging. In the last year of data collection, a 91-person subsample
returned for a third visit to complete a laboratory stress session. Previous participants also
returned for a third visit, but completed a different, unrelated protocol.

2.2.2 Laboratory Testing—Acute stressor-evoked inflammatory response data were
collected during a laboratory session that began between 12:00 and 1:00 PM. Participants
were instructed to abstain from caffeine (12 hours), strenuous physical activity (24 hours),
non-prescription medications (24 hours), and alcohol (48 hours) before the session. On
arrival, participants completed an acute illness-screening questionnaire; to avoid heightened
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inflammation due to acute illness, those with cold or flu symptoms within 48 hours were
rescheduled. Next, an intravenous catheter was inserted into the antecubital vein of the left
arm for the collection of blood samples. Participants then rested quietly for a 30-min
baseline period, after which the first blood sample was drawn. After the baseline,
participants performed two stressor tasks, separated by a 4-min rest period. Participants then
rested quietly for a 30-min recovery period. The post-stressor blood sample was collected
30-min after completion of the second stressor task, based on evidence that stressor-evoked
increases in IL-6 show a delayed response (Steptoe et al., 2007; von Kanel et al., 2006).
After each protocol period (i.e., baseline, task, and recovery), participants provided affective
ratings.

2.2.3 Stress Tasks—~Participants completed two standardized mental stress tasks
validated for laboratory studies of stress reactivity: a modified Stroop color-word task (Sheu,
Jennings, & Gianaros, 2012) and a modified multi-source interference task (MSIT) (Bush &
Shin, 2006; Sheu et al., 2012). Both tasks have elements of conflict, time pressure, error
feedback, and uncontrollability. Each task included alternating difficult (incongruent) and
easy (congruent) conditions. In the Stroop task, participants saw one target word and four
identifier words and were instructed to identify the color of the target word by selecting the
correct identifying word. In the MSIT task, participants saw with three numbers and were
instructed to select the number that differed from the other two numbers. To increase task
difficulty during incongruent trials, a loud pre-recorded voice stated a random answer
choice; the voice stated the correct answer during congruent trials. During each task,
incorrect or delayed responses elicited automated negative feedback. Each task lasted
approximately 9 minutes with adaptive inter-trial intervals so that accuracy was titrated to
<60% for all participants (for further detail, see Sheu et al, 2012). These tasks have been
shown to reliably elicit cardiovascular responses in a comparable sample, with intra-class
correlation coefficients of 0.75-0.85 (Sheu et al., 2012). Task order was randomized across
participants.

2.3 Measures

2.3.1 Participant Characteristics—Participants self-reported their age, sex, race,
education, and family income on a standard demographics questionnaire.

2.3.2 IL-6—Baseline and 30-min post-task blood samples were used to assess circulating
IL-6. Immediately after each blood draw, whole blood was centrifuged at room temperature
at 2500 rpm for 10 minutes and plasma was removed and stored at —80 degrees Celsius.
Plasma IL-6 levels were determined using high sensitivity ELISA kits (R&D Systems,
Minneapolis). Samples were run in duplicate and average intra-assay coefficients of
variation for Baseline and 30-min post-task were 4% and 5%, respectively. The two samples
from each participant were run on the same plate.

2.3.3 CRP—Resting levels of high-sensitivity CRP (mg/dL) were measured from a fasting
blood sample taken during the second study visit (M= 44.1, SD = 41.6 days prior; range =
5-208 days). Because CRP levels are stable across relatively long periods (1-5 years)
(Ridker, 2007), we do not expect that CRP levels would have changed significantly between
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sampling (visit 2) and the laboratory session (visit 3). CRP was assayed by a CRPH reagent
on a SYNCHRON LX System (Beckman Coulter, Inc.) in the Clinical Services Laboratory
of the Western Psychiatric Institute and Clinic. As no participants had CRP levels indicating
acute illness ( >10 mg/L), all participants with CRP data were included in analyses.

2.3.4 Affective Ratings—~Participants provided affective ratings after the baseline, task,
and 30-minute final recovery periods using a 9-point self-assessment manikin scale (Bradley
and Lang, 1994). Participants rated their level of arousal (1-very calm; 9-very aroused),
perceived control (1-very little control, 9-very much control), and emotional valence (1-very

unhappy; 9-very happy).

2.3.5 Additional Covariates—Smoking status and BMI were measured and included as
covariates, given their associations with systemic inflammation (O’Connor et al., 2009).
Smoking status was measured during the first study visit via self-report of smoking habits
and history. Participants were categorized as “never”, “former”, or “current” smokers;
“former” smokers had quit at least two years prior to blood sampling and smoked less than
one pack per day when they were active smokers. None of the current smokers reported
smoking more than one pack per day. BMI was determined at the second study visit using

participants” height and weight measurements and calculated as weight (kg)/height (m?).

2.4 Analytic Plan

Analyses were carried out using SPSS (Version 22.0, IBM Corp). Resting CRP, baseline
IL-6 and 30-min post-task IL-6 values were non-normally distributed and log transformed
prior to analyses. A log-10 transformation was used for CRP and a natural log
transformation was used for IL-6. Stressor task effects for IL-6 were determined with a
paired samples t-test, which tested for a significant difference in IL-6 levels from baseline to
30-min post task. Task-evoked affective changes were tested using a repeated measures
ANOVA, with planned contrasts assessing significant differences in arousal, control, and
valence from baseline to immediately and 30-min post-task. Sex differences in the
magnitude of stressor-evoked IL-6 responses and affective changes were tested using
repeated-measures ANOVAS, with sex as a between-subjects factor.

Hierarchical linear regressions tested primary study hypotheses. Residualized change scores
were created for IL-6 by regressing 30-min post-task IL-6 levels on baseline IL-6 levels;
these residualized change scores were normally distributed. Age, sex, race, smoking status,
and BMI were used as covariates. Dummy coding was used for sex (0 = male, 1 = female),
race (0 = white, 1 = nonwhite), and smoking status (0 = never, 1 = former, 2 = current).

To test whether acute stressor-evoked IL-6 changes associate with resting levels of CRP, we
conducted two regression models predicting CRP with residualized I1L-6 change scores. The
first model was minimally adjusted, with age sex and race on Step 1 and residualized IL-6
change scores on Step 2. The second, fully adjusted model included age sex, and race on
Step 1, BMI and smoking status on Step 2, and residualized I1L-6 changes scores on Step 3.
Additional regression models tested whether the relationship between stressor-evoked IL-6
response and CRP varied by sex. For these analyses, the minimal model included sex and
residualized IL-6 change scores on Step 1 and a “sex x IL-6 change” interaction term on
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Step 2. The fully adjusted model included sex and residualized IL-6 change scores on Step
1, covariates (age, BMI, race, and smoking status) on Step 2, and the sex x IL-6 change
interaction term on Step 3. All continuous variables were mean centered prior to interaction
regression analyses.

3.0 Results

3.1 Bivariate Correlations

Correlations between primary variables are shown in Table 2. Higher BMI was significantly
correlated with higher baseline IL-6 (r =.36, p=.005) and higher CRP (r= .37, p=.004).
The association between baseline IL-6 and resting CRP did not reach significance (r =.23, p
=.08). Stressor-evoked IL-6 change scores were not significantly correlated with any
primary study variables.

3.2 Stressor Task Effects

Across subjects, mean IL-6 values increased significantly from baseline to 30-min post-task
(¢(56) = -4.96, p< .001) (Table 3; Figure 1). There were significant sex differences in the
magnitude of stressor-evoked IL-6 responses (A1, 55) = 4.17, p=.041, np2 =.07) (Table 3).
Specifically, females showed a greater increase in IL-6 from baseline to 30-min post-task
compared with males (Figure 1). Because females in this sample were older than males, we
ran an additional model with age as a covariate and found that the result remained significant
(A1,54) =453, p=.038, 1,2 = .08).

In the full sample, self-reported affect also changed significantly over the laboratory
protocol. Mean arousal changed significantly (A2, 112) = 88.35, p <.001, npz =.61), with
planned contrasts showing that arousal increased from baseline to immediately post-task
(A1, 56) = 139.98, p<.001, npz =.71) and returned to baseline levels at 30-min post-task
(A1, 56) =175, p=.191, npz =.03). Mean perceived control also changed significantly
(A2, 112) =29.27, p <.001, npz =.34); planned contrasts showed that self-reported control
decreased significantly from baseline to immediately post-task (A1, 56) = 53.41, p<.001,
N = .49) and returned to baseline levels at 30-min post-task (A1, 56) = 3.27, p= 076, 1,2
=.06). Finally, mean participant reports of emotional valence also changed significantly
(A2, 112) = 17.55, p <.001, n,~ = .24); specifically, participants reported feeling
significantly more unhappy immediately after the tasks compared to baseline (A1, 56) =
21.73, p<.001, npz =.28), with valence returning to baseline levels at 30-min post-task (A,
56) = 0.35, p =554, n5~ = .01). There were no significant sex differences in affective
responses to the stressor tasks (all p’s > .50).

3.3 Stressor-Evoked IL-6 Response and CRP

Across all subjects, the hypothesis that larger stressor-evoked IL-6 responses are associated
with higher levels of CRP was not supported at a conventional level of statistical
significance (p < .05). Hence, stressor-evoked IL-6 change scores were not significantly
associated with CRP in the minimally adjusted model (5=.19, p =.171) or the fully adjusted
model (Table 4). In the fully adjusted model, demographic variables (Step 1) did not predict
significant variance in CRP. BMI and smoking status (Step 2) accounted for 17% of the
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variance in CRP (4R = .17, p=.007), largely driven by the positive association between
BMI and CRP (8 =.37, p =.01). Stressor-evoked IL-6 responses (Step 3) were not
significantly with CRP (8 =.22, p=.09) (Figure 2).

The relationship between stressor-evoked IL-6 response and resting CRP, however, varied by
sex. Specifically, there was a significant interaction between sex and stressor-evoked 1L-6
responses in predicting CRP in the minimal model (8 = —.36, p=.04) and the fully adjusted
model (Table 5). In the fully adjusted model, covariates (Step 2) accounted for 21% of the
variance in CRP (4R? = .21, p=.01), with higher BMI significantly associated with higher
CRP (B =.37, p=.006). The sex x IL-6 change interaction term (Step 3), accounted for 8%
of the overall variance in CRP (4R = .08, B = -1.33, 8 =-.39, p=.02). This indicates that
the slope of the relationship between IL-6 change and CRP differed by sex (Figure 2). In
males, the slope of the association between stressor-evoked IL-6 change and CRP was
positive and significant (8= 0.39, p =.01); for every unit increase in IL-6 change, there was
a 0.94 /ncrease in resting CRP. In females, the slope was negative and non-significant (8=
-0.21, p=.40).1 Thus, the slope coefficient in males indicates the relationship we
hypothesized (i.e., greater stressor-evoked IL-6 responses are associated with higher levels
of CRP). The slope coefficient in females indicates that there is no significant relationship
between stressor-evoked IL-6 responses and CRP. These results remained significant after
excluding current smokers from the analyses.

4.0 Discussion

This study examined whether the magnitude of acute stressor-evoked IL-6 responses was
associated with resting levels of CRP, a marker of systemic inflammation. Stressor-evoked
IL-6 responses were not significantly associated with resting CRP when males and females
were analyzed together. However, our analyses revealed a significant interaction between sex
and stressor-evoked IL-6 responses, such that males showed a positive association between
magnitude of IL-6 responses and resting CRP while females showed a non-significant
negative association. In addition, females showed greater stressor-evoked IL-6 responses
compared with males, replicating previously reported sex differences in stressor-evoked I1L-6
responses (Hackett et al., 2012; Steptoe et al., 2002).

Although basal IL-6 does not differ consistently by sex (Chapman et al., 2009; Gruenewald
et al., 2006; Thorand et al., 2006; Sadeghi et al., 2005), females often show larger stressor-
evoked IL-6 responses (Edwards et al., 2006; Hackett et al., 2012; Steptoe et al., 2002). In
the present study, females showed significantly larger stressor-evoked IL-6 responses than
males. Two other laboratory stress studies found similar differences (Hackett et al., 2012;
Steptoe et al., 2002) and third study found that males had initially higher levels of IL-6 at
30-min post-stress but females showed higher levels than males at 60-min post-stress
(Edwards et al., 2006). Our results diverge somewhat from the work of Edwards et al.,
(2006), as females in our sample had higher IL-6 at 30-min post-stress. In sum, although

INote that both stressor-evoked IL-6 and resting CRP values used in regression analyses do not reflect the raw values of these
variables and interpretation of slopes does not reflect raw units of these variables; IL-6 change scores are residualized scores
accounting for baseline levels of IL-6, while the CRP values are log-10 transformed.
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timing varies across studies, our findings support other reports that females show greater
stressor-evoked IL-6 responses.

4.1 Mechanisms and Relevance to CVD Risk

Sex differences in stressor-evoked IL-6 responses are not well understood. These sex
differences may be due to differences in affective responses to the stressor task, as prior
work has shown that sex differences in task-evoked anger are associated with magnitude of
IL-6 response to a social evaluative stressor (Carroll et al., 2011). In the present sample, we
did not find sex differences in arousal, control, and emotional valence responses to the task.
Because we did not include a measure of task-evoked anger in this study, we cannot
determine whether sex differences in IL-6 responses reported here are driven by sex
differences in task-evoked anger. However, the mental stress tasks used in the present study
may have evoked different affective responses than the social evaluative stressor used by
Carroll et al. (2011).

A number of possible biological mechanisms may account for sex differences in magnitude
of IL-6 response to stress. First, sex differences in hypothalamic-pituitary-adrenal (HPA)
axis responses to stress may play a role. A review of the literature on stressor-evoked
cortisol responses indicates that males show greater HPA-axis responses compared to
females (Kudielka and Kirschbaum, 2005). Thus, larger cortisol responses in males may
result in smaller stressor-evoked IL-6 responses. In addition to sex differences in cortisol
responses, males and females may differ in cellular sensitivity to the anti-inflammatory
effects of glucocorticoids following stress (Dickerson et al., 2009; Miller et al., 2002). For
example, prior work shows that males exhibit acute stressor-evoked increases in the
sensitivity of immune cells to the anti-inflammatory effects of glucocorticoids while females
do not show this increase (Rohleder et al., 2001). Thus, stressor-evoked differences in HPA
axis responses to stress may be one mechanism contributing to larger stressor-evoked 1L-6
responses in females.

Sex differences in IL-6 responses may also relate to availability of reproductive hormones,
such as estrogens. Estrogens are thought to have an anti-inflammatory effect (Gubbels Bupp,
2015; Straub, 2007), inhibiting IL-6 production and gene expression (Liu et al., 2005).
Estrogen levels differ both by sex and by menopausal status (Gubbels Bupp, 2015),
suggesting that higher levels of estrogens in pre-menopausal females provide greater
inhibition of inflammation. In the present study, participants provided self-reports of
menopausal status, but only one female reported being menopausal. Thus, we were not
powered to conduct analyses based on menopausal status. Future work should explore the
possibility that estrogen levels contribute to sex differences in stressor-evoked IL-6
responses.

These same mechanisms may also be relevant to sex differences in the association between
IL-6 responses and CRP. Our analyses revealed that the relationship between stressor-evoked
IL-6 responses and resting CRP differs by sex. It is surprising that, even though females
showed larger stressor-evoked IL-6 responses, only males showed the hypothesized positive
association between IL-6 responses and CRP. In males, our results support the hypothesis
that larger acute stressor-evoked inflammatory responses are linked with higher resting
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levels of systemic inflammation. These results are consistent with previous work showing
that larger stressor-evoked IL-6 responses are associated with other CVD risk factors
(Brydon & Steptoe, 2005). Importantly, these results are cross-sectional and prevent us from
making any claims about the direction of the relationship between stressor-evoked 1L-6
responses and CRP. As IL-6 is a precursor of CRP (Heinrich et al., 1990; Kerr et al., 2001),
larger stressor-evoked IL-6 responses over time may cause heightened systemic levels of
CRP. /n vitro models show that IL-6 can stimulate phasic production of CRP from human
hepatocytes within hours (Castell et al., 1990), but it is unclear how long it would take for
transient increases in IL-6 to cause increases in systemic levels of CRP in humans /n vivo.
Conversely, heightened levels of systemic CRP may prime immune cells to produce larger
amounts of IL-6 in response to acute stress; however, there is less theoretical and biological
basis for this hypothesis. Future longitudinal work is warranted to elucidate the temporal
relationship between stressor-evoked IL-6 responses, CRP, and CVD risk. Such work should
consider that longitudinal associations may also differ by sex.

In contrast to males, females showed a non-significant negative association between
stressor-evoked IL-6 responses and CRP. These sex differences were not driven by
demographic or biobehavioral characteristics (e.g., age, race, BMI, and smoking status). The
observed pattern may be related to sex differences in CVD. Incidence of CVD among
females shows an approximate 10-year lag behind incidence in males (Gubbels Bupp, 2015;
Lerner and Kannel, 1986; Roger et al., 2012). This lag is often attributed to hormonal
changes that occur during and after menopause. The present sample included predominantly
premenopausal females who may be protected against inflammatory atherosclerotic
processes by higher estrogen levels, as higher concentrations of estrogens tend to have anti-
inflammatory effects (Gubbels Bupp, 2015). Thus, although females show greater acute
stressor-evoked IL-6 responses, this may not result in increased resting levels of systemic
inflammation (i.e., CRP) due to the anti-inflammatory effect of estrogens.

4.2 Limitations, Strengths, and Future Directions

There are a number of considerations to address in future work. This sample included a
relatively smaller group of females (N=19) who may not be representative of the broader
population because of our exclusionary criteria. Although we did not find any systematic
differences between these females and the rest of our analytic sample, the small sample size
is an important interpretative consideration for our novel findings. The current results are
considered preliminary and warrant replication in a larger, representative sample. Data
collection for this study was cross-sectional, preventing any causal inferences about the
relationships between study variables. In addition, this study did not include a non-stress
control group. Although a control group could strengthen the interpretations of these data,
previous work has shown that IL-6 levels do not increase significantly over time in non-
stress control participants (Steptoe et al., 2001). This study also did not assess stressor-
evoked IL-6 responses on multiple occasions. Previous research indicates that stressor-
evoked IL-6 responses do not habituate over repeated testing sessions (von Kanel et al.,
2006) but may sensitize on exposure to repeated stressors (Mclnnis et al., 2014). Repeated
measurements would more accurately characterize stable individual differences in stressor-
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evoked inflammatory responses, possibly identifying individuals at risk for inflammatory
diseases.

This study also has a number of notable strengths. First, this is a healthy sample where
confounding influences of medication use and disease are absent. We were also were able to
control for a number of factors that may have influenced the effects. In addition, we used a
protocol known to elicit reliable and stable individual differences in stress reactivity (Sheu et
al., 2012). As prior work has shown that stressor-evoked immune responses are relatively
stable (Marsland et al., 2002, 1995), it is likely that we have observed stable individual
differences that plausibly relate to disease pathophysiology.

To summarize, the clinical significance of acute stress-induced changes in inflammatory
mediators is unclear. Individuals vary markedly in the magnitude of these stressor-evoked
responses, with growing evidence suggesting that this variability represents a trait of the
individual. It is conceivable that there is a meaningful distribution of differences in stressor-
evoked inflammatory responses that contribute to risk for inflammatory disease. The current
findings suggest that sex relates to the magnitude of stressor-evoked inflammatory responses
and contributes to their associations with circulating levels of CRP, a known marker of CVD
risk. Although females show larger increases in IL-6 in response to stress, midlife males
with larger stressor-evoked inflammatory responses may be at increased CVD risk when
compared to their female counterparts. Prospective studies using stressor-evoked
inflammatory responses to predict disease outcomes will enable us to conclude whether
magnitude of stressor-evoked inflammatory response is a vulnerability factor for CVD risk.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Sex differences in the association between IL-6 reactivity and basal CRP
were tested

Females showed larger stressor-evoked IL-6 responses compared with
males

In the full sample, stressor-evoked IL-6 responses were not associated with
CRP

Among males, larger stressor-evoked IL-6 responses were associated with
higher CRP

Among females, there was no significant association between I1L-6
responses and CRP
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Figure 1.
Mean circulating IL-6 (pg/mL) at each time point for overall sample (solid line), males

(dashed line), and females (dotted line). Blood samples were taken after a baseline period
(30 min) and after the final 30-min post-task rest period (85 min). Error bars indicate
standard error of the mean of IL-6.
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Figure 2.
Association of stressor-evoked IL-6 response with resting CRP for overall sample (solid

line), males (dashed line), and females (dotted line). IL-6 response is shown as raw change
for illustrative purposes. CRP values are log10 transformed.
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