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Abstract

Activation of innate inflammatory pathways, marked by increased production of pro-inflammatory
cytokines, has been proposed as a potential mechanism linking poor sleep and inflammatory disease
risk. In the present study, we examined associations of self-reported sleep quality and duration, and
a calculated measure of sleep debt with the production of pro-inflammatory cytokines, interleukin
(IL)-6, IL-1pB, and tumor necrosis factor (TNF)-o. among a community sample of 156 healthy adults.
Bivariate correlations revealed an inverse association between sleep quality and production of all
three pro-inflammatory cytokines that was retained for IL-1p after controlling for demographic and
health characteristics. Hierarchical linear regressions also revealed that higher sleep debt scores
predicted greater production of IL-1p and IL-6 after adjusting for covariates. Secondary analyses
showed an interaction between sleep debt and body mass index (BMI) in the prediction IL-1p,
suggesting that the impact of sleep debt on cytokine production is greater among participants with
lower BMI scores. Further exploration of this potential psychophysiological pathway linking sleep
difficulty and inflammatory disease susceptibility is warranted.

Disrupted sleep is a significant predictor of future health problems, with prospective
epidemiologic investigations linking shortened sleep duration and poor sleep quality to chronic
disease morbidity and mortality among relatively healthy (Ayas et al., 2003; Gangwisch et al.,
2007; Hublin et al., 2007; Jennings et al., 2007) and medically-ill populations (Elder et al.,
2008; Mallon et al., 2002; Theadom et al., 2007). Sleep debt, which is broadly defined as the
disparity between the amount of sleep naturally required to function optimally and the amount
actually obtained, has also been associated with increased risk of physical disease (Fujino et
al., 2006; Knutson et al., 2006). For example, epidemiologic evidence suggests that rotating
shift workers, a population characterized as carrying a large sleep debt, are at significantly
greater risk of death from ischemic heart disease (O.R.=2.23) than day workers, with sleep
debt contributing risk independently of more conventional cardiovascular risk factors (Fujino
et al., 2006).

In an effort to determine the underlying mechanisms linking sleep to increased disease risk,
researchers have begun to examine relationships between sleep and inflammation, a
pathophysiologic process that plays a primary and essential role in the incidence and course
of anumber of chronic diseases, including cardiovascular disease (Feldmann etal., 1996; Libby
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etal., 2002; Ross, 1999). Although elevated levels of circulating inflammatory mediators, such
as interleukin (I1L)-1p, IL-6, and tumor necrosis factor (TNF)-a, predict the development of
inflammatory diseases, the interpretation of the circulating levels of these proteins is
complicated by the multiple cell types that produce them, including adipocytes and endothelial
cells (Mohamed-Ali et al., 1997; Papanicolaou et al., 1998), raising the possibility that they
may not reflecta primary inflammatory response. In order to more directly assess inflammatory
competence, researchers have turned to examining the associations between sleep parameters
and the functional ability of immune cells to produce pro-inflammatory cytokines when
stimulated in vitro.

An inflammatory response begins when monocytes/macrophages are activated by pathogens
or tissue damage to release the pro-inflammatory cytokines, IL-6, IL-1pB, and TNF-a. Pro-
inflammatory cytokines, in turn, stimulate the local recruitment and activation of leukocytes,
and the systemic release of acute phase proteins, such as C-reactive protein (CRP) and
fibrinogen (Black and Garbutt, 2002). The magnitude of the pro-inflammatory cytokine
response to immune activation is critical; insufficient response may leave the organism
vulnerable to infection, whereas excessive response can increase risk for inflammatory diseases
(Nathan, 2002; Pavlov and Tracey, 2004). Thus, it has been proposed that early pro-
inflammatory responses may provide a physiologic mechanism linking sleep disruption to risk
of inflammatory disease (Opp et al., 2007).

Accumulating experimental evidence suggests substantial variation in enumerative and
functional aspects of the innate and adaptive immune system across phases of normal sleep
(Born et al., 1997; Dimitrov et al., 2007; Dimitrov et al., 2004; Lange et al., 2006) and in
response to sleep deprivation (Born et al., 1995; Dimitrov et al., 2007; Dimitrov et al., 2004;
Dinges et al., 1994; Frey et al., 2007; Irwin et al., 1994; Irwin et al., 1996; Lange et al.,
2006; Meier-Ewert et al., 2004; Palmblad et al., 1979; Shearer et al., 2001). With regard to
inflammatory competence, sleep restriction covaries positively with the in vitro production of
pro-inflammatory mediators by peripheral blood cells stimulated with endotoxins (Born et al.,
1997; Irwin et al., 2006; Moldofsky et al., 1989; Uthgenannt et al., 1995). Here, experimental
findings show that total and partial sleep deprivation results in increased production of IL-6,
TNF-a, and IL-1B and an increase in IL-6 and TNF-a. mRNA transcription, when compared
with levels measured during uninterrupted sleep (Irwin et al., 2006; Moldofsky et al., 1989;
Uthgenannt et al., 1995). To date, studies exploring the relationship of sleep with innate
inflammatory responses have been limited to the laboratory setting and it is not yet known
whether naturally occurring disruptions in sleep are similarly associated with inflammatory
potential. Accordingly, the primary goal of the present study of healthy community volunteers
was to examine relationships between self-reported sleep quality, duration, and debt and the
capacity of immune cells to produce the pro-inflammatory cytokines, IL-1 B, IL-6, and TNF-
a in response to in vitro stimulation with endotoxin.

Another issue that requires clarification in the literature linking sleep disturbance to
inflammation is the role of adiposity. Body mass index (BMI) covaries positively with risk of
sleep disorders (e.g. sleep apnea) and chronic inflammatory conditions (Bogers et al., 2007;
Kopelman, 2000). Moreover, initial animal and human evidence shows that obesity covaries
positively with the magnitude of cytokine production following in vitro stimulation (Mito et
al., 2002; Yamakawa et al., 1995), raising the possibility that associations between sleep
disruption and inflammatory competence are accounted for by body mass. A secondary goal
of the current study was to explore this possibility. Based on the existing literature, we
hypothesized that poorer self-reported sleep quality, shorter sleep duration and greater reported
sleep debt would be associated with enhanced production of pro-inflammatory cytokines and
that these relationships would be moderated by BMI.
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Data for the present study were derived from the University of Pittsburgh Adult Health and
Behavior (AHAB) project, a registry of behavioral and biological measurements on non-
Hispanic Caucasian and African American individuals (30-54 years old) recruited via mass-
mail solicitation from communities of southwestern Pennsylvania, USA (principally
Allegheny County). Exclusion criterion for entry into the AHAB study included a reported
history of atherosclerotic cardiovascular disease, chronic kidney or liver disease, cancer
treatment in the preceding year, and major neurological disorders, schizophrenia or other
psychatic illness. Other exclusions included pregnancy and the use of insulin, glucocorticoid,
antiarrhythmic, psychotropic, or prescription weight-loss medications. For the current
analyses, we identified 156 AHAB participants on whom we had measures of sleep and
stimulated cytokine production, as well as, demographic and health behavior information.
Additional exclusion criterion for this sub-study included any current symptoms of infection.
Data collection occurred over multiple laboratory sessions, and informed consent was obtained
in accordance with approved protocol guidelines of the University of Pittsburgh Institutional
Review Board.

Sleep Measures—Self-reported sleep quality was assessed using the Pittsburgh Sleep
Quality Index (PSQI; Buysse et al., 1989). The PSQI is widely used and reliable measure of
global sleep quality (Cronbach alpha=.83). Higher PSQI global sleep-quality scores are
indicative of poorer overall sleep. Sleep duration was assessed by trained interviewers as a
component of the Stanford Five-City Physical Activity Interview (Sallis et al., 1985).
Participants were asked to report the number of hours they slept on weekdays and weekend
days in the past week. This information was used to calculate a weighted average sleep duration
[((# hours slept during a weekday*5)+(# hours slept during a weekend day*2))/7]. Finally,
sleep debt was calculated by subtracting the average number of hours slept on a weekday from
hours slept on weekend days [(average # of hours slept during a weekend day; Friday—
Saturday)-(average # of hours slept during a weekday; Sunday—Thursday)]. This measure of
sleep debt is based on the assumption that individuals attempt to recoup lost sleep during the
weekdays on weekend days.

Cytokine assessment—Blood samples for the measurement of stimulated production of
inflammatory cytokines were collected on a different day approximately 2 weeks after sleep
assessment. On this occasion, participants were asked to fast for 8 hours and avoid exercise
for 12 hours and alcohol for 24 hours before attending a session scheduled between 7:30 and
10:30 AM. At this visit the project nurse completed a medical history interview, recorded any
current symptoms of infection and medication use, obtained measurements of height and
weight for the determination of BMI (kg/m?), and collected a blood sample used for the
cytokine assessment. Determination of stimulated cytokine production was conducted by
stimulating citrate-treated whole blood with lipopolysaccharide (LPS; serotype 026:B6,
Sigma) at a final concentration of 2.5 ug/ml without antibiotics in polypropylene tubes under
sterile conditions. Control samples, containing whole blood without LPS, were setup in parallel
to measure spontaneous levels of cytokine production. The samples were incubated at 37°C
for 24 hours. Following incubation, the tubes were centrifuged at 1000g for 10 minutes and
supernatants were frozen at —80°C until the completion of the study.

Samples were assayed in one batch using a multiplex analysis system as previously described
(Marsland et al., 2007). Briefly, multiplex bead kits, based on the principle of solid phase

sandwich immunoassays, were employed and samples were read within 24 hours using Bio-
Plex reader (Luminex 100™). Stimulated levels of IL-6, IL-1p, and TNF-a were determined
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using the Bio-Plex Manager Software (Bio-rad Corporation, Hercules, CA), interpolating from
the standard curve (Logistic-5PL curve fit). Inter- and intra- assay coefficients of variability
were less than 10%. Stimulated cytokine production was quantified by subtracting
unstimulated from stimulated levels. A complete blood count was performed to determine the
absolute numbers of monocytes in peripheral circulation.

Covariates—All multivariate analyses included a standard group of covariates, including
age, gender, race, use of reproductive hormones, and monocyte count. Secondary analyses also
examined a number of lifestyle factors that might explain associations between sleep and
inflammatory potential. In addition to BMI, these included smoking status (current smoker
versus ex/non-smoker) and physical activity (estimated kilocalories expended per week by the
Paffenbarger Physical Activity Questionnaire; Paffenbarger et al., 1993).

Statistical Analyses—All analyses were performed using SPSS for windows (version 16.0).
Stimulated pro-inflammatory cytokines, BMI, physical activity, and PSQI scores were log
transformed prior to analyses to better approximate normal distributions. Pearson product-
moment and point-biserial correlations were performed to examine associations among
cytokine levels, demographic characteristics, lifestyle factors, and sleep measures. Next,
hierarchical linear regression analyses were performed examining whether sleep measures
predicted stimulated pro-inflammatory cytokine levels after adjustment for standard covariates
and related lifestyle factors. For these analyses, the standard covariates, physical activity, and
smoking status were entered in the first step of the model followed by the sleep measure of
interest (sleep quality, duration, or debt). Finally, a series of analyses were conducted to
determine whether BMI moderated associations between sleep characteristics and stimulated
cytokine levels. Here standard controls, physical activity, and smoking status were entered in
step 1, BMI and the sleep measure of interest in step 2, and the interaction of BMI with the
sleep measure in step 3 of the regression equation.

Sleep measures and pro-inflammatory cytokine production

Mean values of IL-6, IL-1pB, and TNF-a with and without stimulation with LPS are presented
in Table 1. As expected, all 3 inflammatory mediators were highly correlated with one another
(r’s=.63-.71). Initial analyses revealed significant positive associations between PSQI scores
and stimulated production of all three pro-inflammatory cytokines (r’s=.17-.29, p’s<.05; see
Table 2). No significant associations were observed between sleep duration or sleep debt and
stimulated levels of any of the cytokines. Additional associations between stimulated levels of
cytokines and demographic and lifestyle factors are presented in Table 2.

Hierarchical linear regressions analyses were employed to examine the relationship of sleep
quality with stimulated cytokine production after adjusting for standard covariates and lifestyle
characteristics (exercise and smoking status). After entering the covariates, PSQI scores
continued to predict stimulated production of IL-1, but not IL-6 or TNF-a (see Table 3). Figure
1 summarizes the relationship between sleep quality and IL-1p production. To simplify the
presentation, PSQI scores were categorized into tertiles for this figure (Group 1 (n=50): mean
PSQI score= 2.34 (SD=.75); Group 2 (n=56): mean=4.48 (SD=.50); Group 3 (n=50):
mean=7.22 (SD=1.2). Hierarchical linear regression analyses also revealed that, after
controlling for standard covariates and health behaviors, higher sleep debt scores predicted
higher IL-1p and IL-6 production (see Table 4).

Biol Psychol. Author manuscript; available in PMC 2010 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 5

The role of BMI

Finally, secondary analyses were performed to examine whether BMI moderated relationships
between sleep measures (quality, duration, and debt) and cytokine production. Here, initial
bivariate analyses revealed that higher BMI was associated with shorter sleep duration (r=—.
18, p<.05) but was unrelated to the other sleep measures or any of the inflammatory mediators.
Results of hierarchical linear regressions revealed that, after adjusting for standard covariates
and health behaviors, sleep debt interacted with BMI to predict IL-1p [F(10,144)=3.94, p<.
001; AR?=.03; b=—3.23, p=.024], and approached significance on analysis of IL-6 production
[F(10,144)=7.12, p<.001; AR?=.01; b=—2.23, p=.090]. Figure 2 illustrates that the impact of
sleep debt on IL-1p production was greater among those with lower BMI scores. For
presentation purposes, the sample was stratified by obesity status (i.e. those with BMI scores
of > 30). There was no significant interaction between sleep debt and BMI in the prediction of
TNF-a production nor were there any significant interactions between BMI and either PSQI
scores or sleep duration in the prediction of pro-inflammatory cytokine production.

DISCUSSION

This study provides initial evidence for an association between perceived sleep quality and
sleep debt and LPS-stimulated production of the pro-inflammatory cytokines among relatively
healthy midlife adults. Specifically, we found that individuals who report poorer sleep quality
show greater stimulated production of the all three inflammatory mediators. The inverse
covariance of sleep quality and production of IL-1p was independent of demographic and
lifestyle risk factors, including age, sex, race, physical exercise, smoking and monocyte count.
Similarly, after controlling for covariates, higher sleep debt scores predicted greater production
of IL-1pB and IL-6. These findings are consistent with existing experimental evidence showing
that total and partial sleep deprivation primes immune cells to produce higher levels of pro-
inflammatory cytokines when stimulated in vitro. For instance, Uthgenannt and colleagues
(1995) showed that modest sleep restriction (one night of 3.5 hours of sleep) was associated
with a significant increase in monocyte-derived production of IL-1f and TNF-o. Similarly,
partial sleep deprivation has been associated with early morning upregulation of IL-6 and TNF-
a mRNA expression (Irwin et al., 2006) and increased activation of nuclear factor (NF)-«xB, a
transcription factor known to play a key role in controlling pro-inflammatory genes (Irwin et
al., 2008). Thus, the current findings generalize prior laboratory findings to show that
variability in sleep is associated with inflammatory competence (Opp et al., 2007), suggesting
a possible mechanism linking disrupted sleep to susceptibility to inflammatory disease.

The current study showed poor sleep quality and greater sleep debt were more strongly related
to production of IL-1p and IL-6 than TNF-a. It is likely that different effects across cytokines
reflect the kinetics of pro-inflammatory responses to endotoxin. Specifically, TNF-a is released
quickly in response to LPS with peak levels occurring around 2 hours after stimulation and
dropping off quickly. In contrast, IL-1p is released more slowly, peaking at around 6 hours,
and IL-6 is last to peak, reaching maximal levels around 24 hours after LPS is introduced
(Oliver et al., 1993). The current study employed a 24 hour post-stimulation incubation that
was more likely to capture the longer-lasting IL-1p and IL-6 responses than the initial TNF-
a response. In contrast, shorter incubation periods may favor other cytokine kinetic patterns.
For instance, Irwin and colleagues (2006) employed a 4 hour incubation and showed that sleep
disruption had a stronger impact on the production of TNF-a and IL-6 than IL-1B. Given the
high intercorrelations between stimulated levels of all 3 cytokines, it is likely that disparate
findings reflect the same response captured at different time points.

Secondary analyses revealed that the relationship of sleep debt with IL-1 was moderated by
BMI. Although existing literature suggests that BMI is positively associated with both sleep
complaints and risk of chronic inflammatory disease, we found that it was among individuals
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with lower BMI scores that sleep debt predicted cytokine production. It is possible that this
reflects differential activation of the hypothalamic-pituitary adrenal (HPA) axis, with BMI
being positively associated with levels of cortisol (Marin et al., 1992; Vgontzas et al., 2005),
which is an endogenous anti-inflammatory hormone. Thus, individuals with lower BMI may
have lower levels of cortisol and be more susceptible to inflammatory responses. Prospective
studies are needed to further elucidate the role of BMI in the link between sleep and innate
immunity.

A growing literature demonstrates that sleep duration predicts inflammatory disease, with
individuals at either end of the sleep duration continuum being at increased risk (e.g., Ayas et
al., 2003). In the current findings, we observed no association between self reported sleep
duration and inflammatory competence. Although it is possible that cytokine production is not
the mechanism linking sleep duration to inflammatory risk, our failure to find significant effects
may also reflect the limited range of sleep durations reported by the current relatively healthy
mid-life sample (mean = 7.0, SD =.94). Future research would benefit from larger samples and
more objective measures of sleep duration, such as actigraphy or polysomnography.

There are a number of limitations of the current study. First, its cross-sectional design precludes
causal inferences regarding relationships among sleep quality, sleep debt, and cytokine
production. Although there is considerable evidence for a bi-directional relationship between
peripheral pro-inflammatory cytokines and sleep disturbance (Bryant et al., 2004; Dantzer and
Kelley, 2007), it is unlikely that inflammatory responses stimulated in vitro result in decreased
sleep quality or increased sleep debt; however, itis plausible that they are independently related
to a third factor, such as genetic predisposition. A further limitation of the current study is the
single assessment of stimulated cytokine levels and sleep parameters. Although evidence
suggests that individuals vary markedly in both the magnitude of stimulated cytokine
production by peripheral leukocytes and sleep quality and that this variability is stable across
time (Buysse et al., 1989; de Craen et al., 2005), multiple simultaneous assessments over time
would provide a more reliable measure of individual differences. Future studies would also
benefit from utilizing more ecologically valid sleep measures, such as electronic sleep diaries,
rather than relying on retrospective reporting. Finally, the clinical significance of observed
differences in stimulated production of pro-inflammatory cytokines remains to be determined.
While in vitro measurement of pro-inflammatory cytokine production is assumed to provide a
proxy for the functional ability of the body’s immune cells to mount an acute inflammatory
response in the face of injury or an invading pathogen, research is needed to determine whether
individual differences in the magnitude of the inflammatory response are related to clinical
outcomes.

The presence of clinical sleep disorders, such as obstructive sleep apnea (OSA), was not
assessed in the current sample. Epidemiological evidence suggests that approximately 6% of
the U.S. population suffer from sleep apnea (Gliklich et al., 2000). Moreover, OSA has been
associated with heightened levels of inflammation and increased cardiovascular risk (Alam et
al., 2007), raising the possibility that OSA may account for the associations between sleep and
cytokine production. That said, given the high correlation between clinical sleep disorders and
obesity, we would have expected a moderating effect of BMI where the associations between
poor sleep and greater cytokine production would be strengthened in individuals with higher
BMI scores. However, this was not the case. Nevertheless, future studies should carefully
assess for the presence of sleep disorders that may contribute to the interindividual variability
in cytokine production associated with sleep quality and sleep debt.

Despite these limitations, our findings provide evidence that poorer self-reported sleep quality
and greater sleep debt are associated with enhanced inflammatory responses to endotoxins.
Furthermore, among individuals with lower BMI scores, sleep debt was also positively related
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to inflammatory response. Thus, interindividual variability in pro-inflammatory cytokine
production may provide a pathway linking poor sleep to increased risk of inflammatory disease.
Further testing is indicated using large, normative samples and longitudinal designs to examine
whether sleep factors influence susceptibility to inflammatory disease, in part, through their
effects on inflammatory competence.
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Figure 1.
Poorer PSQI sleep quality predicts higher stimulated IL-1 production after adjusting for age,
gender, race, physical activity, smoking status, and absolute monocyte count.
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Sleep debt interacts with obesity status to predict IL-1p production adjusting for age, gender,
race, monocyte count, reproductive hormone use, physical activity, and smoking status.
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Table 1
Mean values of stimulated and unstimulated pro-inflammatory cytokines
Measure | Stimulated levels (pg/ml) | Unstimulated levels (pg/ml)
M ) M sb
IL-6 71,506 21,771 1,455 4,163
IL-1p 31,205 12,085 462 826
TNF-a 54,340 23,127 638 1,607

Biol Psychol. Author manuscript; available in PMC 2010 September 1.

Page 12



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Prather et al.

Table 2

Descriptive, health characteristics, and cytokine production levels for sample (n= 156)

Variable Mean (SD) or % Correlation Coefficient
Stimulated IL-6 | Stimulated IL-1p | Stimulated TNF-a

Age 45.1 (6.34) 03 07 .06
Gender 58.3% Female —35"" —.04 16"
Race 94% Caucasian, 6% Other 16" -.04 .07
BMI (kg/m?) 26.2 (4.6) 10 11 07
% taking reproductive hormones 5.1% -.07 -.07 -.10
% current smokers 17.9% 26 .08 16"
Physical activity (kilocalories/week) 2658 (1883) -15 —237 17"
PSQI global sleep score 4.7 (2.1) 18" 297 17"
Sleep Duration (hrs/night) 6.9 (.93) -.09 .01 -.03
Sleep Debt 28 (1.12) 14 15 04

*p<.05,

o

p<.01
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