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Abstract

Cortisol and inflammatory proteins are released into the blood in response to stressors and chronic 

elevations of blood cortisol and inflammatory proteins may contribute to ongoing disease 

processes and could be useful biomarkers of disease. How chronic circadian misalignment 

influences cortisol and inflammatory proteins, however, is largely unknown and this was the focus 

of the current study. Specifically, we examined the influence of weeks of chronic circadian 

misalignment on cortisol, stress ratings, and pro- and anti- inflammatory proteins in humans. We 

also compared the effects of acute total sleep deprivation and chronic circadian misalignment on 

cortisol levels. Healthy, drug free females and males (N=17) aged 20-41 participated. After three 

weeks of maintaining consistent sleep-wake schedules at home, six laboratory baseline days and 

nights, a 40-h constant routine (CR, total sleep deprivation) to examine circadian rhythms for 

melatonin and cortisol, participants were scheduled to a 25-day laboratory entrainment protocol 

that resulted in sleep and circadian disruption for eight of the participants. A second constant 

routine was conducted to reassess melatonin and cortisol rhythms on days 34-35. Plasma cortisol 

levels were also measured during sampling windows every week and trapezoidal area under the 

curve (AUC) was used to estimate 24-h cortisol levels. Inflammatory proteins were assessed at 
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baseline and near the end of the entrainment protocol. Acute total sleep deprivation significantly 

increased cortisol levels (p<0.0001), whereas chronic circadian misalignment significantly reduced 

cortisol levels (p<0.05). Participants who exhibited normal circadian phase relationships with the 

wakefulness-sleep schedule showed little change in cortisol levels. Stress ratings increased during 

acute sleep deprivation (p<0.0001), whereas stress ratings remained low across weeks of study for 

both the misaligned and synchronized control group. Circadian misalignment significantly 

increased plasma tumor necrosis factor-alpha (TNF-α), interleukin 10 (IL-10) and C-reactive 

protein (CRP) (p<0.05). Little change was observed for the TNF-α/IL-10 ratio during circadian 

misalignment, whereas the TNF-α/IL-10 ratio and CRP levels decreased in the synchronized 

control group across weeks of circadian entrainment. The current findings demonstrate that total 

sleep deprivation and chronic circadian misalignment modulate cortisol levels and that chronic 

circadian misalignment increases plasma concentrations of pro- and antiinflammatory proteins.
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1. Introduction

The internal circadian clock and sleep-wakefulness physiology modulate daily patterns in 

most behavioral and physiological systems (Bass and Takahashi, 2010; Czeisler and 

Klerman, 1999; Davies et al., 2014; Wright et al., 2012). Insufficient sleep and circadian 

misalignment have negative impacts on endocrine, metabolic, cardiovascular, immune, bone, 

stress, cognition, and neurological health and function (Depner et al., 2014; Dimitrov et al., 

2004; Everson et al., 2012; Everson and Szabo, 2011; Haack et al., 2004; Lekander et al., 

2013; Markwald et al., 2013; Scheer et al., 2009; Spiegel et al., 1999; Thompson et al., 

2014; Weil et al., 2013; Wright et al., 2006; Yu et al., 2013). Sleep deprivation is considered 

a physiological stressor and a metabolic challenge that is often associated with increased 

cortisol levels and stress ratings (Chapotot et al., 2001; Dinges et al., 1997; Leproult et al., 

1997; Minkel et al., 2012; Parry et al., 2000; Spiegel et al., 1999; von Treuer et al., 1996; 

Weibel et al., 1995; Weitzman et al., 1983). Sleep loss is also reported to elevate blood 

concentrations of inflammatory proteins and may be reflective of impaired physiological 

function and disease processes (Irwin et al., 2010; Mullington et al., 2010). While much is 

known about the influence of insufficient sleep on stress, cortisol, inflammation and the risk 

of impaired heath and disease in humans, less is known about the influence of chronic 

circadian misalignment on cortisol and inflammatory proteins. Circadian misalignment 

results when sleep and wakefulness occur at inappropriate circadian times; i.e., when 

wakefulness occurs at a time the internal circadian clock is promoting sleep and/or when 

sleep occurs at a time when the internal clock is promoting wakefulness (Baron and Reid, 

2014; Gronfier et al., 2007; Wright et al., 2006). Circadian misalignment can be acute such 

as during total sleep deprivation (Frey et al., 2004; McHill et al., 2014), intermittent as 

during shift work and jet lag (Sack et al., 2007a; Wright et al., 2013; Zee et al., 2010), or 

chronic as in circadian rhythm sleep-wake disorders (Sack et al., 2007a, b).
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The daily pattern of the endocrine hormone cortisol is strongly driven by the master 

circadian clock, located in the suprachiasmatic nucleus (SCN) of the hypothalamus (Moore 

and Eichler, 1972). The circadian clock modulates the near-24-hour rhythm in cortisol via 

the hypothalamic-pituitary-adrenal (HPA) axis and via neural innervation through a 

polysynaptic pathway from the SCN to the autonomic area of the paraventricular nucleus of 

the hypothalamus and the spinal cord (Buijs et al., 1999) providing sympathetic innervation 

(Buijs et al., 2003). The circadian rhythm in cortisol shows high levels in the morning near 

habitual waketime in humans, declines across the biological day, shows low levels in the 

early evening and increases across the biological night (Czeisler and Klerman, 1999; Desir 

et al., 1980; Van Cauter et al., 1994). The cortisol rhythm can thus be used as a phase marker 

of the circadian clock (Desir et al., 1980; Van Cauter and Refetoff, 1985). Factors such as 

stress (Morgan et al., 2001; Stratakis and Chrousos, 1995), meals (Follenius et al., 1982; 

Ishizuka et al., 1983), exercise (Brandenberger and Follenius, 1975), and awakening from 

sleep (Gribbin et al., 2012) induce acute increases in cortisol levels and factors such as sleep 

(Gronfier et al., 1998; Gronfier et al., 1997; Gronfier et al., 1999; Weibel et al., 1995) and 

bright light exposure (Jung et al., 2010) can induce acute decreases of cortisol levels.

Daily patterns of immune factors and responses to immune challenge are modulated by sleep 

and circadian phase (Curtis et al., 2014; Fonken et al., 2013; Gibbs et al., 2012; Keller et al., 

2009; Moller-Levet et al., 2013; Morrow and Opp, 2005; Narasimamurthy et al., 2012; 

Pollmacher et al., 1996; Rahman et al., 2014). Immune factors contribute to the natural sleep 

process (Imeri and Opp, 2009; Krueger et al., 2011; Marshall and Born, 2002) and sleep and 

circadian disruption are reported to alter inflammatory proteins (Axelsson et al., 2013; 

Chennaoui et al., 2011; Fondell et al., 2011; Frey et al., 2007; Haack et al., 2007; Meier-

Ewert et al., 2004; Mullington et al., 2010; Redwine et al., 2000; Shearer et al., 2001). Most 

prior studies of how circadian disruption in humans influences inflammation however, are 

limited methodologically by infrequent sampling rates, typically sampling at only one or a 

few time points across the 24-h day (Copertaro et al., 2011; Khosro et al., 2011; Puttonen et 

al., 2011; Sookoian et al., 2007) and limited inflammatory protein assessment. One notable 

exception regarding sampling rate is a study in which C-reactive protein (CRP) was 

examined every 4h over 24-h at baseline and on day 8 of sleep restriction during which days 

2-3 and 5-6 the participants were also circadian misaligned by scheduling sleep during the 

daytime (Leproult et al., 2014). As sleep-wakefulness state and circadian phase modulate 

immune function, additional studies with frequent sampling of multiple inflammatory 

proteins and concurrent assessment of other biological factors that influence inflammation, 

such as endogenous cortisol (Yeager et al., 2011), are needed to improve our understanding 

of immune changes associated with circadian disruption. How cortisol and inflammatory 

proteins are influenced by chronic circadian misalignment is largely unknown. Therefore, 

the focus of the current analyses was to determine the influence of chronic circadian 

misalignment on cortisol and frequently sampled inflammatory proteins including the pro-

inflammatory proteins tumor necrosis factor alpha (TNF-α) and CRP and the anti-

inflammatory cytokine interleukin-10 (IL-10). The current analysis also compared the 

influence of chronic circadian misalignment to the influence of acute total sleep deprivation 

on cortisol levels. As noted, because stress increases cortisol levels (Morgan et al., 2001; 
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Stratakis and Chrousos, 1995), the current study also examined changes in stress ratings 

across total sleep deprivation and chronic circadian misalignment.

2. Methods

Detailed methods and circadian melatonin phase, sleep, leptin, and performance findings 

from the studies presented here have been published (Nguyen and Wright, 2010; Wright et 

al., 2001; Wright et al., 2006). The current manuscript represents planned analyses for 

cortisol, inflammatory proteins and stress ratings.

2.1. Participant Screening and Pre-laboratory Conditions

We studied healthy females and males (N=17 [3 females]) aged 31.7 ± 6.1 (Mean ± SD). 

Participants gave written informed consent and the Partners Health Care (Boston, MA) and 

the University of Colorado Boulder Institutional Review Boards approved the procedures 

and/or analyses for the protocol. Data collection was conducted at the Brigham and Women's 

Hospital. All participants were determined to be healthy after passing a rigorous health 

screening, including medical history, physical exam, electrocardiogram, blood and urine 

chemistries, a toxicology screen for drug use, psychological tests and an interview with a 

clinical psychologist. None reported regular night work or rotating shift work within the past 

three years or crossing more than one time zone in the previous three months. Participants 

maintained a regular routine of 8-h scheduled sleep and 16-h scheduled wakefulness for a 

minimum of three weeks while living at home before the in-laboratory protocol, as verified 

by sleep logs, call-in times to a time stamped voice recorder and wrist actigraphy recordings 

for at least one week prior to laboratory admission (Philips Respironics, Mini Mitter, Bend 

OR).

2.2. In-Laboratory Conditions

Participants were tested individually in an environment free of time cues. Ambient light, 

room temperature, sleep-wakefulness opportunities, activity, and nutrition intake (breakfast, 

lunch, dinner and a snack; 150 mEq Na++, 100 mEq K+ ± 20%, 1500 to 2500 cc fluids, 

isocaloric) were strictly controlled. Exercise and napping were proscribed. Participants were 

initially scheduled to a 16-h wakefulness 8-h sleep schedule for 6 days at their habitual 

wakefulness-sleep times (Fig. 1). Habitual bedtime was calculated by subtracting four hours 

from the average midpoint of the participants' self-selected wakefulness-sleep schedule 

during the week prior to laboratory admission. Following the 6 baseline days, an initial 

constant routine protocol (CR, Days 7-8) was used to examine the circadian rhythms of 

melatonin and cortisol and to assess the influence of 40-h of total sleep deprivation on 

cortisol levels. During the CR, participants were maintained in constant sedentary bedrest 

conditions with the head of the bed raised to ∼35 degrees; wakefulness was maintained by 

research assistants interacting with the participant and monitored via continuous EEG 

recordings; caloric intake was increased to account for increased energy need during the 

extended duration of wakefulness (Jung et al., 2011) and was equally distributed across the 

constant routine in hourly snacks (i.e., isocaloric); ambient light levels were equivalent to 

dim candle light (∼1.5 lux in the angle of gaze). Following CR1, individuals were scheduled 

to a 24.0-h or 24.6-h day length for 25 days (Days 9-33, Fig. 1; circadian entrainment 
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portion of the protocol). This was followed by CR2 (Days 34-35) that was used to reassess 

the circadian rhythms of melatonin and cortisol after exposure to these scheduled day 

lengths. Females, with consistent regular menstrual cycles of 25-32 days in length, began the 

study during the week of menses so that CR1 and CR2 would occur during the follicular 

phase of their menstrual cycle.

Blood was sampled through an indwelling 18-gauge intravenous catheter throughout each 

weekly blood sampling window. Heparinized saline (0.45% sodium chloride, 10 U of 

heparin/ml) was infused at a rate of 5–10 ml/h between samples. Blood samples were 

processed immediately and centrifuged in a refrigerated centrifuge and then frozen at -80 

degrees Celsius until assayed. Cortisol was assessed from samples collected every 30 min 

during the sleep episode before and throughout CR1 to assess the effect of sleep deprivation 

on cortisol levels. Blood samples collected on baseline Days 5-6, on Days 7-8 (CR1), 

weekly during the 25 day circadian entrainment portion of the protocol (Days 12-14, 19-21, 

26-28) and on Day 33 (CR2) were used to assess the influence of weeks of circadian 

misalignment on cortisol levels. Insufficient samples were available to assess inflammatory 

proteins during total sleep deprivation. Remaining blood samples analyzed every 60 min on 

baseline Days 5-6 and near the end of the 25 day circadian entrainment portion of the 

protocol, Days 26-28, were used to assess the influence of weeks of circadian misalignment 

on TNF-α, IL-10 and CRP levels. The blood sample volume at each time point was small 

due to a limit on the amount of blood permitted to be taken from each participant during the 

long duration 55-day inpatient study with frequent blood sampling windows and multiple 

blood parameters analyzed for each sample, as well as blood measures reported previously 

(Nguyen and Wright, 2010; Wright et al., 2001; Wright et al., 2006). This limited the 

number of pro- and anti- inflammatory proteins analyzed. Visual analog scales consisting of 

100 mm horizontal lines on a computer screen were used to assess subjective stress ratings 

(endpoints of the line were “relaxed” and “stressed”) each day beginning 2h after scheduled 

awakening and every 2h thereafter until 2h prior to bedtime. Hours of light and darkness 

were 16:8 h for the 24.0-h day and 16.4:8.2 h for the 24.6-h day. As reported previously 

(Nguyen and Wright, 2010; Wright et al., 2001; Wright et al., 2006), nine of the participants 

studied were classified as being synchronized based on their melatonin onset (DLMO25%) 

consistently occurring near habitual bedtime across the 25 day entrainment protocol (nine of 

seventeen participants, 1 female, 8 males). The remaining eight participants were classified 

as being not-synchronized as their melatonin onset occurred at an abnormal time relative to 

the sleep-wakefulness schedule (2 females and 6 males).

2.3. Cortisol and Inflammatory Protein Analyses

Plasma cortisol was measured by chemiluminescent assay (Beckman Coulter, Chaska, MN); 

sensitivity, 0.4 µg/dL; intra- and interassay coefficients of variation, 6.4% and 7.9%, 

respectively. Plasma melatonin levels were assayed using radioimmunoassay 125I (Elias 

USA, Inc., Osceola,WI); sensitivity, 2.5 pg/ml; intra- and interassay coefficients of variation, 

5.9% and 9.8%, respectively. Plasma TNF-α and IL-10 levels were assayed using ELISA 

high-sensitivity assays using the Quantikine® Kits (R&D Systems, Minneapolis, MN, USA) 

TNF-α sensitivity, 0.12 pg/ml; intra- and interassay coefficients of variation, 6.6% and 

13.4% respectively; and IL-10 sensitivity, 0.5 pg/ml; intra- and interassay coefficients of 
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variation, 7.6% and 11.3% respectively. Plasma CRP levels were assayed using Elisa high-

sensitivity CRP (Alpco Diagnostics, Windham, NH) (Aziz et al., 2003; Mahmud and Feely, 

2005); sensitivity, 0.00124 mg/L; intra and interassay coefficients of variation, 9.6% and 

84% respectively. The current samples went through one previous freeze thaw cycle prior to 

the analysis of pro- and anti-inflammatory proteins. Even though we used a high-sensitivity 

IL-10 assay, the assay is insufficient to detect very low values in healthy participants and 

thus 17% percent of IL-10 samples were undetectable. Undetectable values were assigned 

the lower sensitivity limit of the assay.

2.4. Sleep Deprivation

Sleep deprivation analyses were performed on available cortisol data across 48-h that 

included a standard 8-h sleep 16-h wakefulness day and sleep deprivation (hours awake 

17-40 during CR1, Days 7-8).

2.5. Chronic Circadian Misalignment

The effects of chronic circadian misalignment on the cortisol rhythm during constant 

wakefulness were analyzed using data from CR1 and CR2 (Days 7-8 and 34-35). Cortisol 

data from the constant routines were aligned by melatonin phase to permit averaging of 

participant cortisol curves since the phase angle between internal circadian time and 

scheduled sleep-wakefulness was not similar across participants during circadian 

misalignment (Nguyen and Wright, 2010; Wright et al., 2001; Wright et al., 2006). Data 

were assigned to 7.5 degree (0.5h) bins with the phase of the dim light melatonin onset 

(Wright et al., 2001) assigned to 0°. Data were also linearly resampled/interpolated to 

provide equidistant sampling times. Individual participant cortisol curves during the sleep-

wakefulness schedule during baseline days 5-6 and entrainment days 26-28 are provided for 

descriptive purposes. Trapezoidal area under the curve (AUC) analyses are used to estimate 

twenty-four hour cortisol levels at baseline days 5-6, CR1 and CR2, and during exposure to 

the 25 day protocol. Cortisol AUC was analyzed as a change from baseline (CR2 minus CR1 

and days 12-14, 19-21, and 26-28 minus baseline days 5-6). Bi-hourly averages across sleep 

deprivation and daily averages across the protocol were computed for visual analog stress 

ratings. The effects of chronic circadian misalignment on pro- and anti- inflammatory 

proteins were analyzed using data from baseline days 5-6 and near the end of the 

entrainment protocol on days 26-28. We also calculated the TNF-α/IL-10 ratio as a measure 

of cytokine balance.

2.6. Statistical Analysis

Some participants studied are not included in analyses if samples were unavailable due to 

blood sampling difficulties or due to insufficient sample volume available for analysis (see 

figure legends). Changes in cortisol, inflammatory proteins and stress levels were examined 

with mixed model ANOVA with group, sample time, and/or day as fixed factors and planned 

dependent t-tests within group for individual time points. Modified Bonferroni correction 

factors were used to correct for planned comparisons. Independent t-tests were used to 

compare synchronized and not-synchronized cortisol AUC and single sample t-tests were 

used to test for reductions in cortisol AUC from a zero baseline within group. F-tests and 
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Pitman-Morgan tests were used to compare the variability in the timing of the dual-harmonic 

fitted cortisol maximum during constant routines between and within groups, respectively.

3. Results

3.1. Effects of Sleep Deprivation on Plasma Cortisol and Stress Ratings

One night of total sleep deprivation increased cortisol levels compared to baseline (main 

effect of day, baseline 8.4±0.18 µg/dL ±SEM, versus sleep deprivation 9.6±0.18, p < 0.0001; 

day by time of day interaction, p < 0.05). Cortisol levels were higher during the first half of 

the night when participants were kept awake compared to the corresponding time of night 

24-h earlier when participants were permitted to sleep (Fig. 2). In addition, cortisol levels 

were higher after the night of sleep deprivation for some time points during the daytime, 

especially in the morning hours, compared to a typical 16-h day of wakefulness. Subjective 

stress ratings (Fig. 3a) were also higher during the daytime after the night of sleep 

deprivation compared to a typical 16-h day of wakefulness (main effect of hours awake, p < 

0.0001).

3.2. Effects of Circadian Misalignment on Cortisol, Melatonin, and Stress Levels

Fig. 4 shows individual participant cortisol rhythm plots aligned to scheduled sleep-

wakefulness time on baseline Days 5-6 (Fig. 4a & 4b) and near the end of the entrainment 

protocol on Days 26-27 (Fig. 4c & 4d). On baseline days 5-6, cortisol levels were 

consistently low during the first half of the scheduled sleep episode and peaked near habitual 

wake time for baseline days when all participants were entrained to the 24.0-h day (Fig. 4a 

& 4b). On days 26-27, cortisol levels remained consistently low during the first half of the 

scheduled sleep episode and peaked near habitual wake time for participants who were 

synchronized (Fig. 4c), whereas cortisol levels were high at different times of day for 

participants who were not-synchronized (Fig. 4d) being dependent upon the degree of 

circadian misalignment as reported previously for melatonin levels (Nguyen and Wright, 

2010; Wright et al., 2001; Wright et al., 2006). The individual participant data in Fig. 4 were 

not averaged for participant groups as this would make the not-synchronized group average 

appear flat as their circadian melatonin (Nguyen and Wright, 2010; Wright et al., 2001; 

Wright et al., 2006) and cortisol rhythms occur at different phase angles relative to sleep. F-

tests showed that variability in the timing of the cortisol maximum between synchronized 

and not-synchronized groups were similar at baseline (synchronized standard 

deviation(SD)=0.69 hours versus not-synchronized SD=0.53 hours; p=0.23), but variability 

was significantly greater in the not-synchronized group for days 26-27 (synchronized 

SD=1.44 hours versus not-synchronized SD=5.98 hours; p<0.001). Pitman-Morgan tests 

further showed that variability in the timing of the cortisol maximum within groups were 

similar across baseline and day 26-27 assessments for the synchronized group (p=0.10), but 

was different across assessments for the not-synchronized group (p<0.05).Fig. 5 shows 

average cortisol rhythms aligned to the circadian phase of melatonin onset assessed during 

the constant routines. Average cortisol levels in synchronized participants were similar 

during the first and second constant routines (Fig. 5a), whereas cortisol levels in not-

synchronized participants were lower during the second constant routine following weeks of 

circadian misalignment (Fig. 5b; group x day interaction, p < 0.0001). In both groups, the 
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circadian rhythm of cortisol was maintained with a circadian trough near melatonin onset. 

Melatonin levels were similar within groups during the first and second constant routines 

(Fig. 5c & 5d).). Fig. 6 further shows that regardless of whether cortisol 24-h AUC levels 

were assessed during scheduled sleep-wakefulness or during continuous wakefulness of the 

constant routine, change from baseline of 24-h cortisol AUC levels were reduced in the not-

synchronized compared to synchronized group (main effect of group, p < 0.0001). Fig. 6 

further shows that cortisol 24-h AUC levels were reduced as compared to baseline for the 

not-synchronized group.

Fig. 3b shows that average daily stress ratings across the entrainment protocol were similar 

for the synchronized and not-synchronized participants. When groups were combined, stress 

levels were statistically higher on “day 8” which represents hours awake 25-40 of the first 

constant routine, as compared to most other days (p < 0.05; also see Fig. 2b). When 

synchronized and non-synchronized groups were compared, stress ratings were similar and 

stable across the days examined.

3.3. Effects of Circadian Misalignment on Inflammatory Proteins

TNF-α levels were significantly higher in the synchronized versus the non-synchronized 

group (main effect of group; average log TNF-α pg/mL for synchronized=0.267±0.009, 

±SEM, versus not-synchronized=0.177±0.001, p < 0.00001). Figures 7a & 7b shows TNF-α 
levels were similar across the protocol for the synchronized group whereas log TNF-α levels 

were significantly higher during circadian misalignment in the non-synchronized group 

compared to baseline (main effect of day for not-synchronized group; average log TNF-α at 

baseline=0.161 ±0.006 versus not-synchronized experimental day average=0.193±0.005, p < 

0.001).

IL-10 levels were significantly higher at the end of the entrainment protocol (main effect of 

day; average log IL-10 pg/mL at baseline=0.36±0.01 versus experimental day=0.43±0.01, p 

< 0.001). Fig. 7d shows that IL-10 levels increased in the not-synchronized group during 

circadian misalignment (main effect of day for not-synchronized group; average log IL-10 at 

baseline=0.36±0.01 versus not-synchronized experimental day=0.45±0.02, p < 0.001). IL-10 

levels remained similar to baseline across the protocol in the synchronized group (Fig. 7c).

The ratio of pro-inflammatory TNF-α to anti-inflammatory IL-10 was significantly higher in 

the synchronized versus not-synchronized group (main effect of group; average log TNF-α/

IL-10 ratio for synchronized=0.22±0.01 versus not-synchronized=0.17±0.01, p < 0.00001). 

Fig 7e shows the TNF-α/IL-10 ratio decreased in the synchronized group during circadian 

entrainment (main effect of day for the synchronized group; average log TNF-α/IL-10 ratio 

at baseline=0.24±0.01 versus synchronized experimental day=0.21±0.01, p < 0.05) whereas, 

Fig 7f shows the TNF-α/IL-10 ratio was similar across the protocol in the not-synchronized 

group.

CRP levels significantly decreased in the synchronized group and increased in the not-

synchronized group (day by group interaction; p < 0.01). Fig. 7h shows that hourly CRP 

levels were increased predominantly during scheduled wakefulness of circadian 

misalignment in the non-synchronized group (main effect of day for the not-synchronized 
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group; average log CRP at baseline=0.080 ±0.006 mg/L versus not-synchronized 

experimental day=0.108±0.009, p < 0.05), whereas Fig. 7g shows that Average CRP levels 

were decreased in the synchronized group after weeks of entrainment compared to baseline 

(main effect of day for the synchronized group, baseline day average log CRP=0.117 ±0.004 

versus synchronized experimental day=0.104±0.004, p < 0.05).

4. Discussion

Acute sleep deprivation and circadian misalignment are common in modern work 

environments and in circadian sleep-wake disorders. The current findings show that acute 

total sleep deprivation and chronic circadian misalignment have opposite effects on cortisol 

levels and that chronic circadian misalignment increases plasma concentrations of pro- and 

antiinflammatory proteins. Specifically, one night of total sleep deprivation increased 

cortisol levels, especially in the early evening and early morning hours, whereas weeks of 

circadian misalignment decreased cortisol levels across the 24-h day. Stress ratings increased 

during the day after one night of sleep deprivation, whereas stress ratings were not 

significantly altered by chronic circadian misalignment as compared to stress ratings of a 

synchronized control group. Weeks of circadian misalignment increased levels of the anti-

inflammatory cytokine IL-10 and the pro-inflammatory proteins TNF-α and CRP, especially 

during scheduled wakefulness. Little change was observed in the TNF-α/IL-10 cytokine 

balance ratio during circadian misalignment. Taken together, these findings suggest that 

acute sleep deprivation and associated circadian misalignment represents a different 

physiological challenge than chronic circadian misalignment. Acute sleep deprivation 

appears to be associated with a physiological stress/metabolic response of higher cortisol 

levels, especially at night, whereas chronic circadian misalignment appears to result in a 

physiological adaptation that reduces 24-h cortisol levels with associated increases in pro- 

and anti- inflammatory proteins. Because chronic circadian misalignment increased TNF-α 
and CRP levels, yet also increased IL-10, a powerful anti-inflammatory protein, and had 

little impact on the TNF-α/IL-10 ratio, acute circadian misalignment in the healthy 

participants tested did not appear to result in a prevailing pro-inflammatory state as least 

given the inflammatory proteins measured. Future studies should use multiplex technologies 

of pro- and antiinflammatory proteins and soluble receptors with frequent sampling rates to 

examine the complexity of inflammatory responses to chronic circadian misalignment.Our 

current finding of an increase in plasma cortisol levels during total sleep deprivation is 

consistent with prior research (Chapotot et al., 2001; Leproult et al., 1997; von Treuer et al., 

1996; Weibel et al., 1995; Weitzman et al., 1983). Most studies, including ours that have 

shown that sleep deprivation increases cortisol levels, show increases near the trough of the 

circadian rhythm of cortisol (Leproult et al., 1997; von Treuer et al., 1996; Weibel et al., 

1995; Weitzman et al., 1983). One previous study has also reported increased cortisol levels 

during the daytime following sleep deprivation (Chapotot et al., 2001), although few studies 

have examined daytime cortisol levels during total sleep deprivation. Most studies that have 

reported no effect of sleep deprivation on plasma cortisol levels have been limited by 

infrequent sampling rates (e.g., one or two samples per 24-h) (Dinges et al., 1994; Gary et 

al., 1996; Gonzalez-Ortiz et al., 2000; Ozturk et al., 1999). Findings from two studies in 

which salivary cortisol levels were examined suggest that free cortisol levels during the 
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daytime were not significantly increased by one night of sleep deprivation (Frey et al., 2007; 

Heiser et al., 2000). Thus, there is relative consistency in findings of increased plasma 

cortisol levels in studies with frequently sampled levels (e.g., every 30 min), which is not 

surprising given that cortisol release is pulsatile and studies with infrequent sampling rates 

may have missed cortisol pulses. It has been hypothesized that the increase in cortisol during 

sleep deprivation is associated with arousal (von Treuer et al., 1996). Our findings indicate 

that increased cortisol levels during the circadian trough are not associated with increased 

stress ratings at night. During the daytime after one night of total sleep deprivation, 

increased cortisol and stress ratings were observed. However, increased cortisol levels during 

the daytime were relatively small. Acute total sleep deprivation likely increases cortisol 

levels during the circadian trough of the cortisol rhythm because the absence of sleep is 

permissive of cortisol pulsatility (Thorsley et al., 2012), whereas sleep, especially slow wave 

sleep, is associated with decreased cortisol pulses and levels (Gronfier et al., 1998; Gronfier 

et al., 1997); i.e., an inhibitory effect of sleep on cortisol levels. During sleep, the 

responsiveness to corticotrophin releasing hormone (CRH) and vasopressin are reduced 

(e.g., Antonijevic et al. 1999; Bierwolf et al., 1997) resulting in reduced ACTH and cortisol 

levels. Sleep deprivation can also lead to increased CRH and subsequent corticosterone 

levels (e.g., Opp 1995).

The individual participant cortisol data showing peaks at various times of the sleep-

wakefulness cycle during circadian misalignment are consistent with circadian melatonin 

rhythm data reported previously for these participants (Nguyen and Wright, 2010; Wright et 

al., 2006), as the timing of the cortisol and melatonin rhythms are both markers of the SCN 

circadian clock in humans. During circadian misalignment, sleep occurred at circadian 

phases when cortisol levels would be high and this could contribute to the lower cortisol 

levels observed in some of the individuals in Fig 4. However, a sleep-induced reduction of 

cortisol cannot completely explain the reduction in 24-h cortisol AUC levels we observed as 

24-h cortisol AUC levels were also reduced during continuous wakefulness of the constant 

routine. Thus, chronic circadian misalignment appears to induce lower total cortisol levels 

regardless of sleep-wakefulness state. The time course of the reduction in 24-h cortisol levels 

during circadian misalignment appears to be on the order of days to weeks as a non-

significant trend for a difference from baseline was observed within the first week of 

circadian misalignment and was significant in the second week of misalignment. Whether 

such changes in 24-h cortisol levels are associated with changes in, CRH, ACTH, 

glucocorticoid receptor sensitivity and/or down regulation of receptor number require 

follow-up non-human animal models and additional human studies of chronic circadian 

misalignment. Our findings of lower 24-h cortisol levels and altered timing of the cortisol 

rhythm relative to sleep-wakefulness timing may have implications for metabolic function 

under conditions of intermittent recurring circadian misalignment (e.g., shift work and jet 

lag) and for chronic circadian misalignment (e.g., circadian rhythm sleep-wake disorders). 

Others have reported alterations in cortisol levels in actual shift workers. For example, 

cortisol levels were higher during sleep and lower during the nightshift compared to daytime 

workers (Weibel and Brandenberger, 1998), consistent with rapid and acute changes in 

sleep-wakefulness timing relative to the work schedule with little change in circadian phase. 

Further, when examining cortisol levels at home after circadian entrainment to two weeks of 
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shift work under highly controlled light-dark conditions of working on offshore oil 

platforms, the cortisol awakening response was reported to be lower and the pre-bedtime 

evening cortisol levels to be higher, suggesting that the cortisol rhythm had yet to 

resynchronize to the home schedule (Harris et al., 2010). In such studies, the influence of 

sleep and circadian phase on cortisol levels was not controlled in the analyses and thus it is 

unknown whether 24-h plasma cortisol levels are reduced in shift workers. Further research 

is thus needed to assess shift workers under constant routine conditions to determine 

whether there are changes in overall cortisol levels in response to shift work and to 

determine the physiological implications of such changes. Related, hair cortisol levels are 

reported to be higher in shift workers and thus shift work may not result in a decrease in 24-

h cortisol levels (Manenschijn et al., 2011). Further research is also needed to determine the 

influence of chronic circadian misalignment in circadian rhythm sleep-wake disorders as our 

model of chronic circadian misalignment perhaps bests mimics such conditions (e.g., non-24 

hour).

As glucocorticoids can be both pro- and anti-inflammatory (Yeager et al., 2011), one 

implication of reduced 24-h cortisol levels and altered cortisol timing relative to sleep-

wakefulness rest-activity is altered inflammatory proteins. Higher median CRP levels have 

been shown to occur after 8 days of sleep restriction combined with circadian misalignment 

on days 2-3 and 5-6 due to scheduling sleep during the daytime (Leproult et al., 2014). 

Higher morning CRP levels were also reported in 3-shift but not 2-shift working men, but 

not for shift working women (Puttonen et al., 2011). We found evidence of increased plasma 

concentrations of IL-10, TNF-α, and CRP, and little change in TNF-α/IL-10 ratio after 

weeks of circadian misalignment. The net impact of these changes on inflammation is 

unclear, but our results suggest that circadian misalignment in healthy participants impacts 

circulating pro- and anti- inflammatory proteins, but does not clearly increase pro-

inflammatory processes, although the increased IL-10 may represent a counter-regulatory 

response to increased TNF-α levels. Also, the pro- and antiinflammatory proteins we 

examined remained at levels considered in the healthy range. Our current findings are 

consistent with prior findings from our laboratory regarding changes in inflammatory 

proteins during total sleep deprivation in healthy participants (Frey et al., 2007); although 

total sleep deprivation reduced CRP in our prior study also suggesting that there are 

differences in the CRP response between total sleep deprivation and chronic circadian 

misalignment in healthy participants. Together, these findings highlight the need to assess 

both pro- and anti- inflammatory proteins and their soluble receptors, otherwise inaccurate 

interpretation may be made that sleep and circadian disruption always leads to a 

proinflammatory state.

Future studies are needed to assess the influence of sleep and circadian disruption in healthy 

individuals and in those with pre-existing or existing disease to determine if individuals who 

are perhaps primed for an inflammatory response due to ongoing disease processes respond 

with a shift away from inflammatory balance to a pro-inflammatory state. As discussed in 

detail previously (Wright et al., 2006), we find a relatively small reduction in total sleep time 

during circadian misalignment and this well-established effect that sleep loss is a part of 

circadian misalignment could contribute to the current findings. The increase in stress 

ratings we observed with total sleep deprivation is consistent with prior research (Minkel et 
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al., 2012), whereas the relatively low stress ratings in both synchronized and not-

synchronized participants across the protocol suggests that participants were not stressed 

while living in the laboratory. Future studies should also assess other models of circadian 

misalignment, include other inflammatory markers, and examine other populations with 

equal numbers of males and females. Although we controlled for menstrual cycle phase and 

had females begin the study during the week of menses, we only studied three females and 

thus any sex differences could not be examined. Also, the sources of the circulating pro- and 

anti- inflammatory proteins we measured are unknown. As we examined inflammatory 

proteins only at baseline and after weeks of circadian misalignment, future studies are 

needed to determine the time course of such changes.

In conclusion, our results show that total sleep deprivation and chronic circadian 

misalignment differentially influence cortisol levels and that chronic circadian misalignment 

increase both pro- and anti- inflammatory proteins in healthy young adults. The acute total 

sleep deprivation increase in cortisol is likely due to the absence of the sleep induced 

decrease in cortisol, whereas the decrease in cortisol during circadian misalignment is likely 

to be a physiological adaption of unknown mechanism. We found increases in both pro- and 

anti- inflammatory proteins during circadian misalignment, which may reflect inflammatory 

balance rather than a switch to an overall pro-inflammatory state for the healthy participants 

studied.
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Highlights

• Sleep deprivation and circadian misalignment have opposite effects on 

cortisol

• Acute total sleep deprivation increases cortisol levels

• Chronic circadian misalignment reduces 24-hour cortisol levels

• Chronic circadian misalignment increases TNF-α, CRP and IL-10 levels
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Fig. 1. Protocol figures

Data are plotted to a relative clock hour with wake time arbitrarily assigned a value of 0800h 

on baseline Day 1 and all other times referenced to this value. Black bars represent 

scheduled sleep. Day 1-6 are baseline days with scheduled 8-h sleep episodes at the 

participants' habitual bedtime. Days 7-8 is a 40-h constant routine 1 (CR1) with 8-h 

scheduled recovery sleep. Days 9-33 are experimental conditions and Days 34-35 is CR 2. 

(a) imposed maintenance of a 24.0-h day for 25 days, and (b) imposed 24.6-h day for 25 

days with lights out and lights on delayed by 36 min each day. Blood sampling segments 

denoted by shading on Days 5-8, 12-14, 19-21, 26-28 and 34-35. Cortisol assessed at each 

blood sampling segment and inflammatory proteins assessed at baseline Days 5-6 and 

experimental Days 26-27. Circadian period findings from 28-h forced desynchrony Days 

36-49 previously reported in (Wright et al., 2001, 2006).
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Fig. 2. Plasma cortisol levels every 30 min across a standard 8-h sleep – 16-h wakefulness day 
and sleep deprivation (n=17)

Two consecutive 24-h episodes of plasma cortisol plotted overlying each other beginning 

with the sleep episode on Day 6 and ending after 40-h of wakefulness of the constant routine 

on Days 7-8. Scheduled waketime arbitrarily assigned a value of 0800h (relative clock hour). 

Box represents scheduled sleep during baseline and nighttime sleep deprivation 24-h later. * 

denotes p< 0.049
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Fig 3. Stress ratings (a) bi-hourly during total sleep deprivation (n=17) and (b) average daily for 
synchronized (n=9) and not-synchronized (n=8) participants

(a) Stress ratings were relatively stable across the first 24-h of wakefulness and were higher 

during the day of sleep deprivation. Dashed line indicates end of standard 16-h waking day 

and beginning of sleep deprivation. (b) Average daily stress ratings were similar for the 

synchronized and not-synchronize participants across the protocol. Note that day 8 shows 

average stress ratings during sleep deprivation for hours awake 25-40 on constant routine 1.
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Fig. 4. Individual participant cortisol rhythm plots aligned to scheduled sleep-wakefulness time 
on baseline Days 5-6 (a & b) and on entrainment protocol Days 26-27 (c & d)

Scheduled waketime arbitrarily assigned a value of 0800h (relative clock hour). Box 

represents scheduled sleep.
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Fig. 5. Cortisol (a & b) and melatonin (c & d) levels every 30 min during constant routines and 
aligned to melatonin onset (n=14)

Average cortisol levels in (a) synchronized (n=8) and (b) non-synchronized (n=6). Average 

melatonin levels in (c) synchronized and (d) not-synchronized participants. Dashed lines 

represent timing of the melatonin onset.
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Fig. 6. Twenty-four hour cortisol area under the curve assessments

Not-synchronized (n=5, 7, 7, 6; respectively for days of study shown) compared to the 

synchronized participants (n=7, 7, 6, 8; respectively for days of study shown). Lines denote 

significant differences in cortisol AUC between synchronized and not-synchronized groups 

(independent t-test; p<0.05); * denote significant reduction in cortisol AUC for the not-

synchronized participants (single sample t-test difference from zero change; p< 0.05). Not-

synchronized group difference from zero change on day 12-14 showed non-significant trend 

p=0.052, and synchronized group difference from zero change on day 34-35 showed non-

significant trend p=0.053.
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Fig. 7. Hourly pro- and anti- inflammatory proteins on baseline days 5-6 and experimental days 
26-27

Average samples during scheduled sleep (black box) and scheduled wakefulness for baseline 

days (filled symbols) and entrainment protocol days (open symbols) for synchronized (left 

panels) and not-synchronized (right panels) groups. Sample sizes were n=6, 5, 5, and 6 for 

synchronized, and n=7, 7, 7, and 6 for not-synchronized groups for TNF, IL-10, TNF/IL-10 

ration and CRP, respectively. * denote significant differences between days within group for 

that time of day (p<0.0239).
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