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Abstract

Sleep disturbance is a key behavioral risk factor for chronic medical conditions observed at high 

rates among overweight and obese individuals. Systemic inflammation, including that induced by 

stress, may serve as a common biological mechanism linking sleep, adiposity, and disease risk. To 

investigate these relationships, 48 postmenopausal women (mean age=61.8) completed a 

standardized laboratory stress task during which time blood was collected at baseline and 30+, 50+ 

and 90+ minutes after stressor onset to assess circulating levels of interleukin (IL)-6, IL-10, and 

IL-6/IL-10 ratio. Self-reported global sleep quality was assessed using the Pittsburgh Sleep 

Quality Index (PSQI) while adiposity was estimated by body mass index. Sagittal diameter was 

obtained in clinic to estimate visceral abdominal adiposity. Multi-level growth curve models 

revealed that poorer self-reported sleep quality was associated with greater stress-induced 

increases in IL-6/IL-10 ratio. In terms of adiposity, higher sagittal diameter, but not BMI, was 

associated with greater IL-6 reactivity (p’s<0.05). Further, associations between sleep quality and 

cytokine reactivity varied as a function of sagittal diameter. Among poor sleepers (1 SD above 

mean of PSQI score), stress-induced increases in IL-6 and IL-6/IL-10 ratio were significantly 

steeper in those with high visceral adiposity (1 SD above the mean of sagittal diameter) compared 

to those with low visceral adiposity (1 SD below the mean of sagittal diameter). In sum, poorer 

sleep quality and greater visceral adiposity, separately and especially in combination, are 

associated with greater stress-related increases in systemic inflammation. This research may help 

elucidate the complex link between sleep, obesity and inflammatory disease risk.
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Introduction

Sleep disturbance, characterized by short sleep duration and/or poor subjective sleep quality, 

is an important behavioral predictor of several physical health outcomes, including obesity 

(Gangwisch et al., 2005; Mozaffarian et al., 2011; Taheri et al., 2004), cardiovascular 

disease (Gangwisch et al., 2006; Gottlieb et al., 2006; King et al., 2008; Unruh et al., 2008), 

and type 2 diabetes (Cappuccio et al., 2010; Gangwisch et al., 2007). While the specific 

pathways linking sleep and disease risk are unclear, emerging evidence suggests 

inflammatory processes may serve as key biological mechanisms.

Inflammation, mediated by elevations in pro-inflammatory proteins such as interleukin 

(IL)-6, is implicated in the pathogenesis of many of the diseases observed at high prevalence 

among poor sleepers (Libby, 2002; Pradhan et al., 2001; Ridker et al., 2000). Recent studies 

show that short sleep duration and poor subjective sleep quality are associated with 

increased concentrations of IL-6 (Miller et al., 2009; Mullington et al., 2010; Suarez, 2008). 

Elevated systemic levels of IL-6 have also been found among patients with clinical sleep 

disorders, such as primary insomnia (Burgos et al., 2006). Further, several laboratory 

experiments, though not all (Born et al., 1997; Dimitrov et al., 2006; reviewed in Solarz et 

al., 2012), demonstrate that sleep restriction of healthy sleepers results in elevations in 

plasma concentrations of IL-6 compared to a normal sleep condition (Shearer et al., 2001; 

Vgontzas et al., 1999; Vgontzas et al., 2004).

One pathway through which poor sleep may modulate inflammatory activity is via its impact 

on stress reactivity. An intriguing literature suggests that under conditions of sleep 

restriction individuals may be more reactive physiologically to stress. For instance, 

individuals deprived of a single night of sleep display greater threat responsiveness the 

following day, as marked by heightened amygdala activation (Yoo et al., 2007) and 

exaggerated systolic blood pressure reactivity in response to a social evaluative stressor 

(Franzen et al., 2011). Greater sleep disruption has also been associated with attenuated 

increases in natural killer (NK) cell number and slower recovery following a laboratory 

stressor compared to more sound sleepers (Wright et al., 2007a). However, another study 

found no consistent immune system differences, including morning levels of IL-6 and IL-10, 

in students exposed to 30-hours of sleep deprivation and an acute psychological stressor 

compared to a normal sleeping/no stress condition (Matzner et al., 2013). To date, only one 

prior study has investigated the influence of sleep quality on IL-6 reactivity to laboratory 

stress. In this regard, poor sleepers (i.e., participants with a Pittsburgh Sleep Quality Index 

(PSQI) global sleep quality score >5) showed greater task-related increases in systemic 

levels of IL-6 in response to a battery of cognitively demanding neuropsychological tests 

compared to good sleepers (i.e., PSQI global score ≤5) (Heffner et al., 2012).

An emerging feature in the link between sleep and inflammation has been the role of 

adiposity. Indeed, obesity is a strong correlate of poor sleep (Beccuti and Pannain, 2011; 

Cappuccio et al., 2008) and adipose tissue, particularly visceral fat, is a well-known 

contributor to systemic inflammation (Ouchi et al., 2011). It is estimated that 30% of 

inflammatory mediators in peripheral circulation originate from adipose tissue (Mohamed-

Ali et al., 1997). Not only do adipocytes produce and release proinflammatory mediators, 
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excess adipose is associated with an accumulation of migratory macrophages and a related 

shift towards a more pro-inflammatory local environment (Chawla et al., 2011; Neels and 

Olefsky, 2006; Odegaard and Chawla, 2008; Weisberg et al., 2003; Xu et al., 2003). Excess 

abdominal adiposity is associated with greater physiological reactivity to a laboratory 

stressor in several studies (Davis et al., 1999; Epel et al., 2000; Waldstein et al., 1999), 

including those measuring stress-induced cytokine reactivity (Brydon, 2011; Brydon et al., 

2008); however, the effect of sleep on inflammation at varying levels of adiposity has not 

been investigated in response to laboratory stress.

The aims of the present study are to investigate the influences of self-reported global sleep 

quality and adiposity on cytokine reactivity to a laboratory-based stressor. We focus on the 

pro-inflammatory cytokine IL-6 because it is consistently increased in response to acute 

laboratory stress (Steptoe et al., 2007), associated with excess adiposity (Ouchi et al., 2011), 

and modulated by poor sleep (Motivala, 2011). In addition, we assessed levels of IL-10, an 

immunoregulatory anti-inflammatory cytokine whose secretion can be stimulated by IL-6 

and can facilitate the resolution of inflammation (Daftarian et al., 1996). The ratio of IL-6 to 

IL-10 (IL-6/IL-10 ratio) provides an index for the balance between pro- and anti-

inflammatory cytokines and displays significant variability in response to acute laboratory 

stress (Fredericks et al., 2010). Based on the prior literature, we hypothesize that poorer self-

reported sleep quality and higher levels of adiposity will be associated with higher IL-6 

concentrations and IL-6/IL-10 ratio in response to acute stress. Further, given the common 

association between poor sleep and obesity, we hypothesize that associations between poor 

sleep and stress-related cytokine reactivity will be stronger among those with higher levels 

of adiposity, particularly visceral abdominal adiposity.

Methods

Participants

The study sample was drawn from a larger cohort of post-menopausal women who 

participated in a prospective study of caregiving stress on immunological aging. The sample 

was comprised of healthy women providing a minimum of 4 hours of daily care to a family 

member with dementia and age-matched non-caregiving controls. In total, 50 women took 

part in the acute laboratory stress task, completed psychological questionnaires and body 

measurements, and underwent blood sampling for the assay of IL-6 and IL-10. Participants 

were excluded from this study if they reported major medical conditions, including 

cardiovascular disease, cancer, and diabetes, medication use known to affect stress 

hormones, and regular smoking. To confirm health status at baseline, participants were 

screened by self-report and also passed a physical exam by a physician. The study was 

approved by the Institutional Review Board of the University of California, San Francisco.

Procedures

Women interested in participating in this study were initially screened for eligibility by 

telephone. Next, they received a physical exam, including body measurements, a fasting 

blood draw, and provided written, informed consent at the UCSF Clinical and Translational 

Science Institute’s Clinical Research Center (CCRC). They were scheduled to return on a 
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separate afternoon one week later to participate in the acute laboratory stress task. On the 

day of the laboratory task, participants ate a standardized lunch provided by the CCRC 

metabolic kitchen, and had an intravenous forearm catheter inserted at 1300 hr. After a one-

hour baseline period with relaxation music in headphones, blood was drawn to assess resting 

levels of IL-6 and IL-10. Participants were then exposed to a modified form of the Trier 

Social Stress Test (TSST) (Kirschbaum et al., 1993) in which they were asked to give a 

speech about their strengths and weaknesses and to perform a difficult serial subtraction 

math task aloud. The phases of the stressor were comprised of four 5-minute stressful 

periods (20 minutes in total), including introduction of the two trained evaluators who 

described the task, a preparatory period for the speech, the speech task, and lastly the math 

task. All tasks were performed in front of an evaluative audience who maintained neutral 

facial expressions and tone of voice throughout the task period.

Measures

Self-reported sleep quality—Participants completed a modified version of the 

Pittsburgh Sleep Quality Index (PSQI)(Buysse et al., 1989). The PSQI is a widely used and 

reliable measure of global sleep quality. The original 19-items yield 7 component-scores that 

reflect the frequency of sleep problems in several areas including, subjective sleep quality; 

sleep latency; sleep duration; habitual sleep efficiency; sleep disturbance; use of sleep 

medication and daytime dysfunction. A higher PSQI global score is indicative of poorer 

overall sleep quality. In this study, the items comprising the “sleep disturbance” component 

of this scale were modified to better reflect disturbances common to our caregiver 

population (e.g., “Having to help my partner or parent who is ill”). These items were 

weighted in a manner to yield a scoring range identical to the original version. PSQI scores 

were missing for two participants, yielding 48 participants for these analyses.

Anthropometric Measurements—Body weight was measured on a digital scale with 

subjects in light clothing without shoes. Height was measured to the nearest 0.1 cm using a 

Harpenden stadiometer. BMI was calculated as weight in kilograms divided by height in 

meters squared. Sagittal diameter was used as our measure of abdominal adiposity. This was 

measured as the horizontal length (in centimeters) from the back to the belly using an 

anthropometer measuring stick while the participant was standing. This measure is widely 

used and reliable indicator of visceral abdominal fat (Pouliot et al., 1994; Zamboni et al., 

1998).

Circulating Interleukin (IL)-6 and IL-10—Whole blood was collected into 10 ml SST 

tubes (Becton Dickinson, Franklin Lakes, and NJ) at baseline, +30, +50, and +90 minutes 

from the start of the TSST. Blood was allowed to clot for 30 minutes at room temperature 

and centrifuged at 1300 rpm for 15 minutes. Serum samples were aliquotted, frozen, and 

stored at −80°C until they were assayed for IL-6 and IL-10 in batch. A high sensitivity 

sandwich immunoassay was used to quantify circulating levels of IL-6 and IL-10 (Meso 

Scale Discovery, Gaithersburg, MD). The assay sensitivity for IL-6 is 0.46 pg/ml, and the 

average intra- and inter-assay coefficients are 4% and 6%, respectively. For IL-10, assay 

sensitivity is 1.05 pg/ml, and average intra- and inter-assay coefficients of variation are 7% 

and 8% respectively.
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Assessment of general health and medication use

Participant health was assessed by self-reported physician-diagnosed illness at study entry 

on the following variables: hypertension (n=14), hypercholesterolemia (n=17), arthritis/

osteoarthritis (n=11), and osteoporosis (n=5). No participants had autoimmune disorders. 

Use of the following classes of medications was also recorded: non-steroidal anti-

inflammatory drugs (NSAIDs) (n=12), anti-hypertensives (n=16), statins (n=11), and anti-

depressants (n=5). Sum scores of medical comorbidities and medication use were calculated 

for analyses. Depressive symptoms were assessed using the Inventory of Depressive 

Symptomatology (IDS;(Rush et al., 1996)), a well-validated measure of depression severity. 

Basic biochemistry panels of typical clinical markers such as albumin and complete blood 

count were also measured to confirm normal values.

Statistical Analyses

Statistical analyses were completed using IBM’s Statistical Software, SPSS 18.0. Pearson 

product-moment correlations and independent t-tests were conducted to examine 

associations between sociodemographic characteristics, predictor variables, and baseline 

concentrations of cytokines. Task-related changes in cytokine outcomes were initially 

estimated using repeated-measures analysis of variance (see Table 1). Primary hypotheses 

were tested using growth curve modeling (Singer and Willett, 2003).

In growth curve models, the repeatedly measured outcome is regressed on time, 

simultaneously providing estimates for baseline (B0) and rate of change (Btime). In terms of 

the TSST, the B0 and Btime are estimates of cytokine levels at time 0 and its growth (or 

trajectory) over the next 90 minutes until study completion. A significant B0 designates that 

the cytokine of interest is at levels different from 0 pg/ml before the TSST begins, and a 

significant Btime designates that its rate of change over time is significant in response to the 

TSST. Without covariates or predictors in the model, these estimations are called the 

unconditional growth curve model.

To test the effects of PSQI global sleep quality (Bsleep) and adiposity (BMI, BBMI; sagittal 

diameter, Bsagittal) on cytokine reactivity, we examined the interactions between (1) PSQI 

global sleep quality (mean-centered) and time (Bsleep*time), (2) BMI (mean-centered) and 

time (BBMI*time), and (3) sagittal diameter (mean-centered) and time (Bsagittal*time) in 

separate models. A significant interaction between PSQI global sleep quality and time 

(Bsleep*time), for example, suggests that IL-6 growth over the course of the TSST 

significantly varies as a function of PSQI global sleep quality and the direct effect of PSQI 

global sleep quality (Bsleep) estimates whether baseline IL-6 is associated with sleep quality. 

The standard follow-up approach (Cohen et al., 2003; Singer and Willett, 2003) is to test 

simple slopes; whether the growth in IL-6 over time is significant at one standard deviation 

above the mean of PSQI global sleep quality and then again at one standard deviation below 

the mean of PSQI global sleep quality.

A significant three-way interaction between PSQI global sleep quality, adiposity measure, 

and time (Bsleep*sagittal*time) indicates that cytokine reactivity varies as a function of PSQI 

global sleep quality at different levels of adiposity. Accordingly, this is followed up with 
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simple interaction tests between PSQI global sleep quality and time at 1 SD above and 

below mean adiposity. Significant simple interactions would indicate that PSQI global sleep 

quality predicts cytokine changes over time at that level of adiposity.

A random-intercept model with restricted maximum likelihood (REML) estimation was 

fitted with an unstructured covariance matrix in all models, allowing the proper handling of 

missing and skewed data, producing unbiased estimates (Singer and Willett, 2003). All 

models were tested adjusting for age, number of medical comorbidities, and caregiver status; 

however, findings were replicated with models that included depressive symptoms and 

medication use as additional covariates.

Results

Descriptive Statistics

Participants were 48 post-menopausal women (87% Caucasian) with a mean age of 61.8 

years (SD=6.3). The mean body mass index (BMI) and sagittal diameter for the sample were 

26.0 kg/m2 (SD=5.1; range 17.7 to 37.5) and 24.8 cm (SD=4.3; range 18.5 to 36.0). 

Depressive symptoms in this sample, as indexed by the scores on the IDS, ranged from 2 to 

38 (mean score= 12.8, SD=8.9), while the mean PSQI global sleep quality score was 4.5 

(SD=3.4). Because the goal of the larger study focused on caregiving stress, 21 of the 48 

participants were providing care of a family member with dementia, while the remaining 

participants were not (n=27). Preliminary analyses revealed the stress-related changes in 

IL-6, IL-10, and IL-6/IL10 were similar in caregivers and non-caregivers (p’s values for the 

caregiver status by time interactions ranged 0.21 to 0.68). Consequently, caregiver status 

was used as a covariate in all subsequent analyses.

Bivariate correlations were calculated to test associations of sociodemographic variables, 

PSQI global sleep quality, and adiposity with baseline levels of circulating IL-6, IL-10, and 

IL-6/IL-10 ratio. In this regard, higher levels of IL-6 at baseline were associated with higher 

BMI scores (r=0.35, p=0.02) and greater sagittal diameter (r=0.45, p=0.002). There were no 

significant correlations between cytokine levels (i.e., IL-6, IL-10, IL-6/IL-10 ratio) and age, 

depressive symptoms, medication use, or medical comorbidities. PSQI global sleep quality 

was unrelated to cytokine measures at baseline but was associated with depressive 

symptoms, such that poorer sleep quality (i.e., higher PSQI global sleep quality score) was 

positively related to depressive symptoms (r=0.63, p<0.001).

Unconditional Growth Models: stress-induced cytokine reactivity

Table 1 displays the raw cytokine values at baseline and 30+, 50+, and 90+ minutes after the 

start of the laboratory stress task. Linear growth models fit for time were calculated for each 

cytokine outcome (IL-6, IL-10, and IL-6/IL-10 ratio). Results indicated that circulating IL-6 

at baseline was significantly different than 0 and followed a linear increase across the TSST 

(B0=2.15, SE=0.41, p<0.001; Btime= 1.17, SE= 0.12, p<0.001). A similar significant 

baseline and linear increase was observed for IL-6/IL-10 ratio (B0=1.10, SE=0.37, p=0.005; 

Btime=0.67, SE=0.11, p<0.001). Circulating levels of IL-10 did not show a significant stress 

effect on average across the group (B0=2.92, SE=0.77, p<0.001; Btime= −0.05 SE=0.08, 
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p=0.49). As such, we did not carry out further analyses to test the influences of sleep quality, 

adiposity and their interaction on trajectories of circulating levels of IL-10.

Effects of PSQI global sleep quality and adiposity on cytokine reactivity

We investigated the effects of PSQI global sleep quality alone, adiposity alone (BMI and 

sagittal diameter, separately), and their interactions with time in predicting estimated IL-6 

and IL-6/IL-10 ratio at baseline levels and trajectories in response to acute laboratory stress. 

In this regard, PSQI global sleep quality was unrelated to baseline levels of IL-6 

(Bsleep=0.02, SE=0.08, p=0.82) or IL-6/IL-10 ratio (Bsleep=0.02, SE=0.08, p=0.76); 

however, poorer PSQI global sleep quality was significantly associated with IL-6/IL-10 ratio 

reactivity but not IL-6 reactivity in response to the TSST (IL-6: Bsleep*time=0.04, SE=0.04, 

p=0.23; IL-6/IL-10: Bsleep*time=0.07, SE=0.03, p=0.03). Visceral adiposity, as indexed by 

sagittal diameter, was associated with stress-induced IL-6 reactivity, but not IL-6/IL-10 ratio 

reactivity (IL-6: Bsagittal*time=0.06 SE=0.03, p=0.04; IL-6/IL-10: Bsagittal*time=0.03, 

SE=0.03, p=0.25). There were no associations between sagittal diameter and baseline values 

of IL-6 (Bsagittal=0.10, SE=0.06, p=0.09) or IL-6/IL-10 (Bsagittal=0.03, SE=0.05, p=0.60). 

BMI was unrelated to IL-6 and IL-6/IL-10 ratio baseline levels or increases (p’s>0.30). To 

better understand the pattern of results, simple slopes were calculated (Table 2). As 

displayed in Figure 1, poor sleepers (i.e., those one standard deviation above the mean PSQI 

global sleep quality score) were estimated to have a steeper increase in IL-6/IL-10 ratio to 

the laboratory stressor relative to average sleepers (i.e., those at the mean PSQI global sleep 

quality score) and better sleepers (i.e., those one standard deviation below the mean PSQI 

global sleep quality score). Similarly, participants with a higher sagittal diameter displayed a 

steeper stress-related increase in IL-6 concentration relative to those with average or below 

average estimates of sagittal diameter (Table 2).

The moderating influence of visceral adiposity

Because both visceral adiposity and PSQI global sleep quality alone were associated with 

cytokine reactivity, we tested the three-way interaction (PSQI global sleep quality X sagittal 

diameter X time) in predicting stress-related increases in IL-6 and IL-6/IL-10 ratio. 

Consistent with our hypotheses, both three-way interactions were Significant (IL-6: 

Bsleep*sagittal*time=0.03, SE=0.01, p=0.009; IL-6/IL-10: Bsleep*sagittal*time=0.02, SE=0.01, 

p=0.02) suggesting that the association between sleep quality and stress-related 

inflammatory activity varies as a function of sagittal diameter. To clarify these interactions, 

we next examined the simple interactions between PSQI global sleep quality and cytokine 

reactivity at one standard deviation above and below the mean of sagittal diameter. In this 

regard, at one standard deviation below the mean of sagittal diameter (i.e., low visceral 

adiposity) PSQI global sleep quality was unrelated to cytokine reactivity (IL-6: Bsleep*time= 

−0.10, SE=0.07, p=0.13; IL-6/IL-10: Bsleep *time=0.00, SE=0.06, p=0.97). In contrast, 

analyses revealed that PSQI global sleep quality was significantly associated with IL-6 and 

IL-6/IL-10 ratio reactivity among participants estimated to be one standard deviation above 

the mean of sagittal diameter (i.e., high visceral adiposity) (IL-6: Bsleep *time=0.13, SE=0.05 

p=0.01; IL-6/IL-10: Bsleep*time=0.19, SE=0.05, p<0.001). Given the significant simple 

interaction at high levels of visceral adiposity, we next examined the simple slopes at one 

standard deviation above and below the means of PSQI global sleep quality. At high visceral 
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adiposity, PSQI global sleep quality was unrelated to baseline levels of IL-6 (Bsleep=0.11, 

SE=0.10, p=0.31) and IL-6/IL-10 (Bsleep=0.11, SE=0.11, p=0.32); however, those reporting 

poorer PSQI global sleep quality displayed greater IL-6 and IL-6/IL-10 ratio reactivity 

relative to average and above average sleepers (Table 3; Figure 2).

Discussion

Individuals with poorer overall sleep quality and greater visceral adiposity displayed greater 

stress-induced increases in inflammatory activity than better sleepers and leaner individuals. 

Further, an interactions revealed that the influences of poor sleep quality on stress-induced 

concentrations of IL-6 and IL-6/IL-10 ratio were potentiated by high visceral adiposity, 

providing novel evidence for the complex link between sleep, adiposity, and inflammatory 

activity during periods of acute stress

The present study supports prior research demonstrating links between sleep and the 

immune system (Besedovsky et al., 2012; Bryant et al., 2004), and is consistent with a 

recent study that found poorer sleepers showed greater task-related increases in circulating 

IL-6 compared to better sleepers (Heffner et al., 2012). While in the hypothesized direction, 

the association between PSQI global sleep quality and stress-induced levels of IL-6 was 

below statistical significance in the present study (p=0.17). This may be attributable to a 

smaller sample size (n=48) compared to that employed by Heffner et al. (n=83). 

Nevertheless, the present study improves on this earlier finding by extending the 

investigation to another cytokine outcome- IL-6/IL-10 ratio, an index of proinfammatory 

bias, and by evaluating the modulatory effect of visceral adiposity. Together these 

preliminary findings raise the possibility that sleep quality may be a modulator of stress 

responsiveness with consequences for putative inflammatory mechanisms related to chronic 

disease risk.

In bivariate analyses, PSQI global sleep quality scores were unrelated to baseline cytokine 

levels. This is in contrast to some prior research (Prather et al., 2009b; Suarez, 2008) but 

consistent with others (Okun et al., 2009; Valentine et al., 2011). In addition, it is in line 

with Heffner et al., 2012 who also failed to observe baseline associations but, as noted, 

found that poorer overall sleep quality predicted stress-induced increases in IL-6. It is 

possible that the fact that PSQI global sleep quality is a composite measure and may not 

necessarily reflect objective sleep may help explain these equivocal findings. Accordingly, 

the use of objective measures of sleep, including home-polysomnography and actigraphy, 

would improve our understanding of what specific sleep parameters may uniquely contribute 

to baseline and stress-related inflammatory activity.

Participants with greater BMI and visceral adiposity displayed elevated baseline levels of 

IL-6 and IL-6/IL-10 ratio and levels of visceral adiposity were positively associated with 

stress-induced IL-6 increases in growth models. This is in line with a prior study showing 

that a higher waist circumference, a measure of visceral adiposity, but not BMI was 

associated with stress-induced increases in plasma levels of IL-1receptor antagonist 

(IL-1RA) (Brydon et al., 2008). However, unlike the current findings, this prior study failed 

to observe an effect of adiposity on concentrations of IL-6 following the acute laboratory 

Prather et al. Page 8

Brain Behav Immun. Author manuscript; available in PMC 2015 March 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



stress. One possible explanation for this discrepancy may be the documented delayed 

response IL-6 shows compared to IL-1RA (Steptoe et al., 2001). Because the present study 

sampled IL-6 out as far as 90 minutes post-stressor (compared to 55 minutes in the Brydon 

et al. 2008 study), there was greater opportunity for adiposity to explain variability in IL-6 

responsiveness. Another explanation may be that the present sample was comprised of only 

postmenopausal women (aged 51 to 79 years) compared to the young, premenopausal 

sample (aged 18 to 25 years) employed in the prior study. Cellular production of IL-6 in 

response laboratory stress has been shown to be greater in postmenopausal women 

compared premenopausal women (Prather et al., 2009a), a difference that may be due to 

levels of estradiol, which can inhibit inflammatory gene expression in vitro (Deshpande et 

al., 1997).

The biological pathways linking sleep and adiposity to stress-related increases in 

inflammation need clarification. It is well documented that acute laboratory stress results in 

activation of the sympathetic nervous system and hypothalamic-pituitary-adrenal (HPA) 

axis, both of which have been implicated in regulating inflammatory activity (Irwin and 

Cole, 2011). Enhanced sympathetically mediated blood pressure reactivity has been 

observed among sleep-deprived participants (Franzen et al., 2011). In addition, poorer sleep 

quality, measured objectively by actigraphy, is associated with a blunted cortisol response to 

acute laboratory stress (Wright et al., 2007b), which in turn may contribute to the slowed 

decline in NK cell numbers observed in prior research (Wright et al., 2007a) and the 

prolonged increase in inflammation observed in the present study. Visceral adipose tissue is 

replete with nerve innervation and β-adrenergic and glucocorticoid receptors (Black, 2006), 

raising the possibility that the elevated levels of inflammation may have originated from 

adipocytes (Mohamed-Ali et al., 1997). Macrophages migrate into adipose tissue in greater 

abundance in visceral fat than other types of adipose tissue (e.g., subcutaneous). In addition, 

resident macrophages in visceral fat often tend to express genes associated with a 

proinflammatory phenotype (i.e., M1). (Lumeng et al., 2007). Finally, dysregulation of the 

HPA axis and excess levels of cortisol have been observed among obese individuals 

(Pasquali et al., 2006), which may give rise to glucocorticoid receptor insensitivity and 

unregulated inflammatory activity in response to acute stress (Rohleder, 2012). Future 

studies are needed to substantiate these various mechanistic possibilities.

There are several limitations that should be considered when interpreting the present 

findings. First, the study sample was comprised of both chronically stressed female 

caregivers and low stress female non-caregivers. While preliminary analyses suggested that 

stress-related changes in cytokines were similar between these groups, the influence of 

unmeasured confounders cannot be ruled out. Further, the sample was limited to a small 

sample of postmenopausal women and should be replicated in other larger populations at 

different stages of the life course. Second, this study relied solely on sagittal diameter to 

provide a proxy for visceral fat, and as such further investigation using more sensitive 

measures of adipose composition, such as dual-energy X-ray absorptiometry (DEXA) or 

computed tomography (CT) is warranted. Third, this study did not assess the presence of 

obstructive sleep apnea (OSA), an important correlate of poor sleep quality, visceral 

adiposity, and inflammation. In general, women are at lower risk of OSA compared to men 

and while our sample ranged in BMI scores (17.7 to 37.5) less than 25% of the sample was 
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obese, decreasing the likelihood that clinically significant OSA existed at a high rate in this 

sample. Nevertheless, it will be important to rule out the influence of OSA in future 

investigations. Fourth, this study lacked a control condition (i.e., a no-stress condition). 

While care was taken to standardize the timing of the stressor, so as to limit the effects of 

circadian variation, prolonged catheter insertion has been shown to result increased local 

inflammatory activity, including levels of IL-6 (Haack et al., 2002). Fifth, the cellar sources 

of inflammation in this study need to be elucidated. Multiple immune cell types as well as 

adipocytes have the capacity to produce proinflammatory mediators; accordingly, future 

studies are needed to identify which cell types account for the present findings. Finally, 

global sleep quality was based on a well-validated self-report measure that reflects overall 

sleep over the past month. As noted, use of objective sleep measures would improve our 

understanding of sleep effects on inflammation. Additionally, objective measures would aid 

in characterizing circadian disruption, which has been related to enhanced inflammatory 

responses (Castanon-Cervantes et al., 2010).

In summary, these findings provide preliminary evidence for the influence of poor overall 

sleep quality and visceral adiposity alone and especially in combination on the magnitude of 

pro-inflammatory cytokine reactivity to an acute stressor. This work supports prior research 

and provides novel evidence for the interaction between sleep and visceral adiposity as 

important factors in the understanding stress-related inflammatory disease risk.
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Research Highlight

Poor sleep quality and greater visceral adiposity, especially in combination, are 

associated with greater stress-related increases in circulating IL-6 and IL-6/IL-10.
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Figure 1. 
IL-6/IL-10 ratio reactivity over the course of the Trier Social Stress Task (TSST) differs as a 

function of self-reported global sleep quality (PSQI). Analyses adjusted for participant age, 

number of medical comorbidities, and caregiver status. Betas (standard errors) are provided 

for each simple slope regression line.
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Figure 2. 
IL-6/IL-10 ratio reactivity over the course of the Trier Social Stress Task (TSST) differs as a 

function of self-reported global sleep quality (PSQI) at high levels of visceral adiposity (i.e., 

one standard deviation above the mean on sagittal diameter). Analyses adjusted for 

participant age, number of medical comorbidities, and caregiver status. Betas (standard 

errors) are provided for each simple slope regression line.
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Table 2

Simple slope analyses reveal that stress-related IL-6 and IL-6/IL-10 ratio increases vary as a function of 

sagittal diameter and PSQI global sleep quality scores, respectively. All analyses adjusted for age, number of 

medical comorbidities, and caregiver status.

Outcome: IL-6 trajectory B0(SE) p-value Btime (SE) p-value

  High visceral adiposity (+1 SD sagittal diameter) 2.65 (0.50) <0.001 1.46 (0.18) <0.001

  Average visceral adiposity (mean sagittal diameter) 2.21 (0.41) <0.001 1.19 (0.13) <0.001

  Low visceral adiposity (-1 SD sagittal diameter) 1.78 (0.47) <0.001 0.92 (0.18) <0.001

Outcome: IL-6/IL-10 trajectory

  Poor sleepers (+1 SD PSQI) 1.00 (0.39) 0.014 0.93 (0.16) <0.001

  Average sleepers (mean PSQI) 0.93 (0.41) 0.027 0.69 (0.10) <0.001

  Good sleepers (−1 SD PSQI) 0.85 (0.56) 0.133 0.45 (0.15) 0.003
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Table 3

Simple slope analyses revealed that stress-related increases in IL-6 and IL-6/IL-10 ratio varied as a function of 

PSQI global sleep quality scores at high visceral adiposity (+1 SD mean sagittal diameter) with steeper 

increases observed among poor sleepers. All analyses adjusted for age, number of medical comorbidities, and 

caregiver status.

Outcome: IL-6 trajectory B0(SE) p-value Btime (SE) p-value

  Poor sleepers (+1 SD PSQI) 2.79 (0.50) <0.001 1.86 (0.24) <0.001

  Average sleepers (mean PSQI) 2.43 (0.50) <0.001 1.42 (0.18) <0.001

  Good sleepers (−1 SD PSQI) 2.08 (0.69) 0.004 0.97 (0.26) <0.001

Outcome: IL-6/IL-10 trajectory

  Poor sleepers (+1 SD PSQI) 1.33 (0.50) 0.011 1.47 (0.22) <0.001

  Average sleepers (mean PSQI) 0.92 (0.51) 0.076 0.85 (0.15) <0.001

  Good sleepers (−1 SD PSQI) 0.52 (0.74) 0.489 0.22 (0.22) 0.321
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