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Abstract

PURPOSE: A serum bone formation marker (procollagen type 1 N-terminal, P1NP) was lower 

after ~3 weeks of sleep restriction combined with circadian disruption. We now describe the time 

course of decline.

METHODS: The ~3 week protocol included two segments: “Baseline,” ≥10 hours (h) sleep 

opportunity/day x 5 days; “Forced Desynchrony” (FD), recurring 28-h days (circadian disruption) 

with sleep restriction (~5.6 h sleep per 24 h). Fasted plasma P1NP was measured throughout the 

protocol in nine men (20–59 years old). We tested the hypothesis that PINP would steadily decline 

across the FD intervention because the magnitude of sleep loss and circadian misalignment 

accrued as the protocol progressed. A piecewise linear regression model was used to estimate the 

slope (β) as ΔP1NP per 24 h with a change point mid-protocol to estimate the initial vs. prolonged 

effects of FD exposure.

RESULTS: Plasma P1NP levels declined significantly within the first 10 days of FD (β= −1.33 

μg/L per 24-h, p < 0.0001) and remained lower than baseline with prolonged exposure out to 3 

weeks (β= −0.18 μg/L per 24-h, p = 0.67). As previously reported, levels of a bone resorption 

marker (C-telopeptide (CTX)) were unchanged.

CONCLUSION: Sleep restriction with concurrent circadian disruption induced a relatively rapid 

decline in P1NP (despite no change in CTX) and levels remained lower with ongoing exposure. 

These data suggest 1) even brief sleep restriction and circadian disruption can adversely affect 

bone metabolism, and 2) there is no P1NP recovery with ongoing exposure that, taken together, 

could lead to lower bone density over time.

MINI-ABSTRACT

We describe the time course of bone formation marker (P1NP) decline in men exposed to ~3 

weeks of sleep restriction with concurrent circadian disruption. P1NP declined within 10 days and 
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remained lower with ongoing exposure. These data suggest even brief exposure to sleep and 

circadian disruptions may disrupt bone metabolism.

Keywords

Bone loss; sleep restriction; circadian disruption; bone formation; P1NP

1. INTRODUCTION

An adequate amount of sleep during the biological night is important for optimal health. 

Short sleep duration and circadian disruption (e.g., shiftwork, jet lag) are associated with 

insulin resistance and diabetes mellitus type 2 [1–3], obesity [4,3], cardiovascular disease [5] 

and impaired cognition [6]. Sleep and circadian disturbances are also associated with 

impaired bone health [7,8]. Postmenopausal women in the Nurses’ Health Study who 

reported 20+ years of nightshift work had a 37% higher risk of wrist and hip fractures 

compared to those who never worked the nightshift [9]. Shiftwork has also been associated 

with lower bone mineral density (BMD) in postmenopausal nurses in Chile [10] and men 

and women in the Korean National Health and Nutrition Examination Survey [11], but not in 

middle-aged individuals in the National Health and Nutrition Examination Survey 

(NHANES) [12]. Data from animal studies also suggest that sleep and circadian 

disturbances may alter bone health [13–15]. Rats exposed to chronic sleep restriction had an 

early decrease in a bone formation marker despite initially stable levels of a bone resorption 

marker [14], decreased bone formation with no change in bone resorbing activity on bone 

histomorphometry [13], and lower bone mineral density [13] compared to ambulation 

controls.

We previously reported a significant decline in a bone formation marker (N-terminal 

propeptide of type 1 procollagen, P1NP) despite no change in a marker of bone resorption 

(C-terminal telopeptide of type 1 collagen, CTX) in ten healthy men after approximately 

three weeks of cumulative sleep restriction and concurrent circadian disruption, as can occur 

in people performing rotating shiftwork [16]. The P1NP decline was greater in young men 

(28%) who had higher levels of P1NP at baseline compared to older men (18%). This 

uncoupling of bone turnover, where markers of formation decline but resorption marker 

levels remain unchanged, parallel results from chronic sleep restriction studies in rats that 

were accompanied by declines in BMD [13,14], suggesting that sleep and circadian 

disturbance in humans could lead to bone loss, osteoporosis, and increased fracture risk if 

sustained over time. We sought to describe the time course and trajectory of the previously 

reported decline in serum P1NP observed in healthy men after ~3 weeks of sleep restriction 

combined with circadian disruption. [16].

2. METHODS

Study Design & Participants

Plasma samples from a previously performed clinical study [17] were used for this analysis. 

Participants were recruited through advertisements in the newspaper, on websites and via 
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flyers [17]. Healthy participants were eligible to participate if they passed physical and 

psychological exams performed by licensed physicians, had no sleep disordered breathing or 

other sleep disorder based on overnight polysomnography, and had no history of shift work 

or travel across more than two time zones for at least 3 months prior to enrollment[17]. Self-

reported race/ethnicity were as follows: White/not Hispanic or Latino n = 6; White/Hispanic 

n = 2; Asian and White/not Hispanic or Latino n = 1.

The protocol (Figure 1) was performed in controlled laboratory conditions in the Intensive 

Physiological Monitoring Unit at the Center for Clinical Investigation at Brigham and 

Women’s Hospital between 2007 and 2010. The protocol included a 3-week pre-admission 

phase during which participants were required to maintain a 10-hour per day sleep 

opportunity and a 5-day inpatient baseline segment where participants had at least 10 hours 

of sleep opportunity per day. The men then underwent a forced desynchrony (FD) protocol 

where they lived on a recurring 28-hour day with 6.5 hours in bed each 28-hours for 

approximately three weeks (the precise duration depended on each participant’s circadian 

period length estimated from core body temperature recordings throughout the protocol, to 

enable measurements upon awakening at similar circadian phases at the beginning and end 

of the intervention). This protocol induced cumulative sleep restriction (5.6 hours of sleep 

opportunity per 24-hour period) and concurrent circadian disruption, akin to the stresses 

endured during rapidly rotating shiftwork. Nine of the original 10 healthy men who 

previously demonstrated a significant decline in serum P1NP from baseline to post FD 

intervention [16] had sufficient plasma samples for this analysis. As previously reported 

[16,17] all nine men were healthy (based on questionnaire and screening) and performed 

some habitual exercise prior to admission, including walking, endurance (e.g., jogging, 

swimming), and resistance exercise, but none was a competitive athlete. The study was 

performed in dim light (<0.02 lux during sleep opportunity; <15 lux at horizontal level 

during wake) and participants received a eucaloric, controlled nutrient diet (55% to 60% 

carbohydrate, 15% to 20% protein, and 15% to 30% fat) and ≥2.5 L of fluid per 24 hours. 

Timing of meals was controlled throughout the protocol relative to the midpoint of the time 

in bed interval.

All participants provided written informed consent [17]. All procedures were approved by 

the Partners Human Research Committee and were conducted in accordance with the 

Declaration of Helsinki. The current analysis used de-identified samples, was deemed 

nonhuman subjects research by The University of Colorado Institutional Review Board, and 

was approved by Brigham and Women’s Hospital institutional review board.

Plasma Samples

Assays were performed at Oregon Health & Science University (OHSU) in the Oregon 

Clinical and Translational Research Institute (OCTRI) laboratory in September 2017. 

Samples were maintained at < −70°C until assayed. To determine the trajectory of P1NP 

decline, P1NP was measured in 7 to 14 fasted plasma samples from each participant 

throughout the protocol (represented as “F” in Figure 1). The forced desynchrony protocol 

evenly distributes sleep and wake across the circadian cycle [18]. Therefore, the fasted blood 

was collected at different times of the biological day/night but at least 12 hours after their 

Swanson et al. Page 4

Osteoporos Int. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



last meal. When these fasted samples were grouped across each week, the full range of 

circadian phases were captured.

Plasma P1NP was measured using the Orion Diagnostica assay that was used for previously 

reported serum assessments [16] (interassay coefficients of variation (CV) at low and high 

control were 3.9% and 8.2% respectively). Plasma samples were run in duplicate and 

averaged for the final result. The difference between duplicates was 8.9%. All plasma 

samples from each man were analyzed in the same assay to minimize inter-assay 

differences.

We previously reported a significant increase in serum sclerostin in the young men only 

[16], therefore, sclerostin was also measured in duplicate in the same plasma samples as 

P1NP using the ALPCO Biomedica assay. Inter-assay CV was 21% and the average 

difference in sclerostin levels between duplicate samples was 14%. These CVs were much 

larger than our prior analysis, possibly due to differences in the assay kit, sample type 

(serum vs. plasma), longer duration of sample storage, or sample volume. Thus, for quality 

control, sclerostin data were excluded due to unacceptably high variability in measurements 

and reproducibility concerns.

Actigraphically-Assessed Wrist Activity

As previously reported [16,17], actigraphically-assessed wrist activity (Actiwatch_L; Mini 

Mitter, Bend, OR) in arbitrary counts/minute was averaged for each condition (i.e., over all 

baseline days and over all FD days) when available to estimate each man’s physical activity. 

Percent change in wrist activity from baseline through the FD intervention was calculated 

for each individual who had data from both conditions (data were missing for two 

participants at baseline due to technical device issues).

Statistical Analysis

A piecewise linear regression was set up for maximum likelihood estimates in a repeated 

measures model to estimate the group slope (β) as ΔPINP per 24 hours across the sleep/

circadian (FD) intervention for all participants (n = 9) with a change point placed half way 

through the entire protocol. The slope (β) before and after this change point was assessed to 

estimate initial vs. prolonged effects of FD exposure. This model was also used to estimate 

the slopes in young and older men separately. We did not identify a significant diurnal 

variation in serum P1NP in these men [19], therefore no adjustment was made for circadian 

phase. The goal of this secondary analysis was to describe the trajectory, or time course, of 

P1NP decline across the forced desynchrony protocol for future hypothesis generation and 

study design considerations. Our initial study [16] had a predetermined sample size of 10 

men. We had 80% power to detect a mean paired difference of 1.3 standard deviations in 

P1NP and CTX from baseline to post-intervention with a conservative α level of 0.0125 

(adjusted for multiple comparisons)[17]. Previously obtained fasted morning cortisol levels 

drawn at baseline and at the end of forced desynchrony were used to calculate the change in 

cortisol across the protocol. Spearman correlations were used to determine if the changes in 

cortisol and P1NP (using the same previously obtained fasting morning levels) were 
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correlated. All analyses were conducted using SAS version 9.4 (SAS Institute, Cary, NC). 

All figures were generated using GraphPad Prism 7.02 (GraphPad software, La Jolla, CA).

3. RESULTS

The nine participants included six young (aged 20–27 years, mean 23.5 years) and three 

older (55–59 years old, mean 56.7 years) healthy men with an average BMI of 24.7 kg/m2. 

As previously reported [16,17], all the participants were without pre-existing sleep disorders 

as verified by questionnaires and polysomnography.

The trajectory of P1NP decline for each man is depicted in Figure 2. On average, plasma 

P1NP declined 14.73 ± 13.51 μg/L (standard deviation, SD) from an average starting level of 

50.04 ± 17.84 μg/L in these nine men across the protocol. In group statistical analysis, P1NP 

declined significantly (β= −1.33 μg/L per 24-h, p < 0.0001) within the first 10 days of initial 

exposure to the FD protocol and remained lower than baseline with ongoing exposure 

(Figure 3). There was no evidence of a recovery in P1NP levels with prolonged exposure to 

sleep restriction and concurrent circadian disruption.

We explored whether the decline in P1NP differed in the young and older men. Plasma 

P1NP was higher at baseline in the young compared to older men (meanyoung = 54.31 

± 17.90 μg/L vs. meanolder = 41.50 ± 17.55 μg/L). In the young men, P1NP declined −1.76 

μg/L per 24 h with initial exposure (p = 0.0005) and continued to decline with ongoing 

exposure (β= −1.04 μg/L per 24 h, p = 0.002). The decline in three older men was less steep 

and not statistically significant (β= −0.49 μg/L per 24 h, p = 0.47 with initial exposure; β= 

−0.23 μg/L per 24 h, p = 0.52 with ongoing exposure) but a larger study would be required 

to ascertain the clinical relevance of these differences.

As previously reported, serum CTX did not change significantly from baseline to post FD 

intervention [16]. Actigraphically-assessed wrist activity was consistently increased 46% 

± 29% throughout the forced desynchrony intervention compared to baseline days (n = 7), 

indicating that, on average, the men’s wrist activity counts increased as the protocol 

progressed, considered an effect of longer time awake. On average, there was a non-

significant increase of 3% in fasted morning cortisol from baseline to the end of forced 

desynchrony in these nine men (Δ = 0.31 ± 2.82 mg/dL; range −3.51 to +4.84 mg/dL). The 

change in cortisol was not correlated with the change in P1NP (r = 0.28, p = 0.46).

4. DISCUSSION

Findings indicate that sleep restriction and concurrent circadian disruption, akin to rapidly 

rotating shiftwork, induce a significant decline in a plasma marker of bone formation 

(P1NP) in men within the first 10 days of exposure, despite as previously reported [16], no 

apparent change in a marker of bone resorption (CTX). The rapid decline in P1NP suggests 

that even intermittent, non-sustained exposure to sleep restriction and circadian disruption 

could have adverse skeletal effects. There was no evidence to suggest that the initial decline 

in P1NP reversed with ongoing exposure to sleep restriction and concurrent circadian 

disruption; indeed, P1NP levels remain lower or (for the young men) continued to decline 
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over 3 weeks of exposure. These changes in biochemical markers of bone turnover are 

similar to chronic sleep restriction studies performed in rats that also revealed decreased 

bone formation on histomorphometry and lower BMD over time [13,14]. If similar changes 

occur in women, these data may also explain the association between shiftwork and 

increased fracture risk previously reported in post-menopausal women [9]. Therefore, we 

hypothesize that even brief exposures to sleep restriction and circadian disruption can impair 

bone metabolism due to the relatively rapid uncoupling of bone turnover markers. Over 

time, either intermittent or chronic sleep and circadian disruptions could limit attainment of 

optimal peak bone mass if they occur early in life, or accelerate the age-related decline in 

bone mass later in life. Additional research is needed to confirm if the observed P1NP 

decline translates into changes in BMD and bone quality in humans exposed to sleep and 

circadian disruption. Moreover, the ability to recover from these detrimental changes in bone 

metabolism with either restoration of normal sleep/wake cycles or adaptation to prolonged 

exposure are important, unanswered questions.

We previously reported that P1NP levels declined more with cumulative sleep restriction and 

concurrent circadian disruption in the young compared to the older men [16]. Our current 

study extends those data to illustrate the time course of the previously observed P1NP 

decline, which was in fact steeper in the younger men than in the older men. The young men 

had an initial steep P1NP decline and continued to decline with ongoing exposure. The older 

men had lower baseline levels of P1NP and a more modest decline, however, the limited 

sample size (n = 3, one fewer than our prior analysis [16]) precludes strong conclusions in 

this subgroup. The steeper P1NP decline observed in some individuals may be related to 

participant age and/or baseline P1NP concentration. Future larger studies should investigate 

if and how the effects of sleep and circadian disruption are modified by age and baseline 

bone turnover marker concentrations and if sleep and circadian interventions in people with 

sleep and circadian disturbance can increase bone formation.

The mechanisms by which sleep restriction and circadian disruption alter bone formation 

more than resorption still need to be elucidated. The changes observed in P1NP may be due 

to differences in P1NP clearance or study conditions independent of the sleep/circadian 

interventions. However, the diurnal variation in bone turnover markers with a peak that 

occurs in the early morning hours [20,21,19] and differences observed in the skeletal 

phenotypes of clock gene knockout animal models [22–26] suggest there may be direct 

effects of sleep and circadian disruption on bone as well. In addition, it is unknown if or how 

P1NP clearance would be affected by the imposed sleep restriction and circadian disruption. 

Physical inactivity can increase sclerostin levels and decrease bone formation. However, it is 

unlikely that physical inactivity induced by the inpatient laboratory environment 

substantially contributed to these findings because actigraphically-assessed wrist activity 

was consistently increased through the intervention compared to baseline [17,16]. 

Furthermore, if these changes were due to decreases in mechanical loading (compared to 

pre-admission free-living conditions) or were mediated by other possible effects of the sleep 

restriction and circadian disruption (e.g., increased inflammation [27], decreased vitamin D), 

then an increase in bone resorption would have been expected [28,29] but this was not 

observed. Food intake can affect bone turnover marker levels. However, diet composition 

and timing were strictly controlled throughout the protocol and therefore, it is unlikely that 
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the observed changes in bone turnover markers were due to diet. Leptin, via the sympathetic 

nervous system, can inhibit bone formation and favor bone resorption [30–33]. As 

previously reported, the 24-hour profile of leptin actually decreased slightly (but 

significantly) during this sleep restriction and circadian disruption in a prior analysis of all 

21 participants [17]. Furthermore, as previously reported [17], participants had a minimal 

loss of body mass (~1%) across this portion of the protocol and had worsened postprandial 

hyperglycemia [17]. The P1NP decline with sleep restriction and circadian disruption was 

likely unrelated to the negligible decrease in body mass. A prior analysis of all participants 

also reported a significant increase in fasted cortisol levels relative to baseline that remained 

stable from the first to the third week of the sleep and circadian disruption [17]. Similarly, 

the nine men in this analysis had a non-significant increase in fasted morning cortisol. The 

increase in serum cortisol may have contributed to the P1NP decline in some men. However, 

the change in P1NP was not correlated with the change in cortisol. Furthermore, given that 

the magnitude of change in cortisol from baseline to forced desynchrony in these nine men 

was small and less consistent than the decrease in P1NP, it is unlikely to be the sole 

mechanism responsible for the observed P1NP decline.

This study had several strengths, including a rigorously designed and demanding protocol 

performed in controlled laboratory conditions to simulate the stresses of rapidly rotating 

shiftwork. However, there were limitations. The data came from a relatively small sample of 

men only. Although the sample size was limited, results were relatively consistent across all 

participants with a statistically and clinically significant decline in P1NP in response to 

rapidly rotating shiftwork combined with sleep restriction. Although the P1NP assay used 

for this analysis suggests using serum, it has been used for plasma samples previously [21]. 

In addition, our internal analysis using recently collected blood found plasma and serum 

P1NP values had similar concentrations and variability. The original study was not 

specifically designed to address bone outcomes and did not include a direct measure of bone 

formation (e.g., bone biopsy). However, the study design was sufficient for investigating the 

bone biomarker response to concurrent sleep restriction and circadian disruption. 

Furthermore, previous studies of the effects of sleep restriction on bone turnover in rats 

showed similar patterns of change in bone biomarkers that were consistent with concurrent 

histomorphometry [13], and bone turnover markers correlate well with histomorphometry in 

humans [34]. Similar to other sleep/circadian intervention studies, there was no control 

group. Instead the focus was on within-subject changes from baseline sleep replete 

conditions. Therefore, it is possible that the observed changes were due to the study 

environment itself (e.g., food intake, lack of exercise) and not the sleep/circadian 

intervention. We feel this is less likely because meal composition and timing were identical 

throughout the protocol, participants were ambulatory and participants’ actigraphically-

assessed wrist activity increased from the beginning to the end of the protocol, likely 

because they spent more time awake and out of bed during the sleep restriction portion of 

the protocol. Nevertheless, future intervention studies to evaluate the skeletal effects of sleep 

and circadian interventions in humans should control for potential confounders (e.g., 

heparinized intravenous lines, physical activity, stress, light exposure, etc.,).

In conclusion, these data from healthy men indicate that plasma P1NP declines within the 

first 10 days of exposure to sleep restriction and concurrent circadian disruption and remains 
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lower than baseline with ongoing exposure despite no change in CTX. The rapid decline in 

P1NP with initial exposure to sleep restriction and circadian disruption and persistently 

lower P1NP with ongoing exposure is notable. This uncoupling of bone turnover markers 

may have an adverse clinical impact on bone health if sleep and circadian disruptions are 

brief (e.g., few days of shift work) or sustained (e.g., space missions, rotating shiftwork), 

especially if they occur during critical times of bone modeling and remodeling.

Acknowledgments

Data Collection Supported by NIA (P01 AG009975), NHLBI (K24 HL76446), and NSBRI through NASA NCC 9–
58 (HFP01601), and was conducted in the BWH’s General Clinical Research Center supported by the NCRR (M01 
RR02635), and the CCI of the Harvard Clinical and Translational Science Center (1 UL1 RR025758-01).

This work was further supported by K23AR070275 (CMS), P50 HD073063 (Kohrt), and the National Center for 
Advancing Translational Sciences of the NIH under award number UL1TR000128.

CMS is supported by K23AR070275.

SAS received support from The Oregon Institute of Occupational Health Sciences at Oregon Health & Science 
University via funds from the Division of Consumer and Business Services of the State of Oregon, and NIH grants 
R01 HL142064, R01 HL125893, HL125893-03A1 and R01 HL140577 (to SA Shea), DoD grant PT150133 (to L 
Hammer) and CDC grant U19 OH010154 (To WK Anger)

NV was supported by the following NIH grants: F32AG051325, R01DK099512, R01HL118601, and 
R01DK105072.

OMB was supported in part by the NHLBI (R01HL107240).

ESO as overall PI for the Osteoporotic Fractures in Men (MrOS) Study is supported by NIH funding via the 
following institutes: the National Institute on Aging, the National Institute of Arthritis and Musculoskeletal and 
Skin Diseases, the National Center for Advancing Translational Sciences, and NIH Roadmap for Medical Research, 
under the following grant numbers: U01AG027810, U01AG042124, U01AG042139, U01AG042140, U01 
AG042143, U01 AG042145, U01 AG042168, and U01 AR066160.

The content is solely the responsibility of the authors and does not necessarily represent the official views of the 
NIH.

Abbreviations:

BMD Bone mineral density

P1NP N-terminal propeptide of type 1 procollagen

CTX C-terminal telopeptide of type 1 collagen

FD Forced desynchrony

BTM Bone turnover markers

5. REFERENCES

1. Buxton OM, Pavlova M, Reid EW, Wang W, Simonson DC, Adler GK (2010) Sleep restriction for 1 
week reduces insulin sensitivity in healthy men. Diabetes 59 (9):2126–2133. doi:10.2337/
db09-0699 [PubMed: 20585000] 

2. Knutsson A, Kempe A (2014) Shift work and diabetes--a systematic review. Chronobiology 
international 31 (10):1146–1151. doi:10.3109/07420528.2014.957308 [PubMed: 25290038] 

Swanson et al. Page 9

Osteoporos Int. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3. McHill AW, Wright KP Jr. (2017) Role of sleep and circadian disruption on energy expenditure and 
in metabolic predisposition to human obesity and metabolic disease. Obesity reviews : an official 
journal of the International Association for the Study of Obesity 18 Suppl 1:15–24. doi:10.1111/obr.
12503 [PubMed: 28164449] 

4. Buxton OM, Marcelli E (2010) Short and long sleep are positively associated with obesity, diabetes, 
hypertension, and cardiovascular disease among adults in the United States. Soc Sci Med 71 (5):
1027–1036. doi:10.1016/j.socscimed.2010.05.041 [PubMed: 20621406] 

5. Scheer FA, Hilton MF, Mantzoros CS, Shea SA (2009) Adverse metabolic and cardiovascular 
consequences of circadian misalignment. Proceedings of the National Academy of Sciences of the 
United States of America 106 (11):4453–4458. doi:10.1073/pnas.0808180106 [PubMed: 19255424] 

6. Goel N, Rao H, Durmer JS, Dinges DF (2009) Neurocognitive consequences of sleep deprivation. 
Semin Neurol 29 (4):320–339. doi:10.1055/s-0029-1237117 [PubMed: 19742409] 

7. Swanson CM, Kohrt WM, Buxton OM, Everson CA, Wright KP Jr., Orwoll ES, Shea SA (2018) 
The importance of the circadian system & sleep for bone health. Metabolism 84:28–43. doi:
10.1016/j.metabol.2017.12.002 [PubMed: 29229227] 

8. Swanson CM, Shea SA, Stone KL, Cauley JA, Rosen CJ, Redline S, Karsenty G, Orwoll ES (2015) 
Obstructive sleep apnea and metabolic bone disease: insights into the relationship between bone and 
sleep. Journal of bone and mineral research : the official journal of the American Society for Bone 
and Mineral Research 30 (2):199–211. doi:10.1002/jbmr.2446

9. Feskanich D, Hankinson SE, Schernhammer ES (2009) Nightshift work and fracture risk: the 
Nurses’ Health Study. Osteoporosis international : a journal established as result of cooperation 
between the European Foundation for Osteoporosis and the National Osteoporosis Foundation of 
the USA 20 (4):537–542. doi:10.1007/s00198-008-0729-5

10. Quevedo I, Zuniga AM (2010) Low bone mineral density in rotating-shift workers. J Clin 
Densitom 13 (4):467–469. doi:10.1016/j.jocd.2010.07.004 [PubMed: 21029978] 

11. Kim BK, Choi YJ, Chung YS (2013) Other than daytime working is associated with lower bone 
mineral density: the Korea National Health and Nutrition Examination Survey 2009. Calcified 
tissue international 93 (6):495–501. doi:10.1007/s00223-013-9779-6 [PubMed: 23963634] 

12. Santhanam P, Khthir R, Dial L, Driscoll HK, Gress TW (2016) Femoral Neck Bone Mineral 
Density in Persons Over 50 Years Performing Shiftwork: An Epidemiological Study. J Occup 
Environ Med 58 (3):e63–65. doi:10.1097/JOM.0000000000000662 [PubMed: 26949890] 

13. Everson CA, Folley AE, Toth JM (2012) Chronically inadequate sleep results in abnormal bone 
formation and abnormal bone marrow in rats. Experimental biology and medicine 237 (9):1101–
1109. doi:10.1258/ebm.2012.012043 [PubMed: 22946089] 

14. Xu X, Wang L, Chen L, Su T, Zhang Y, Wang T, Ma W, Yang F, Zhai W, Xie Y, Li D, Chen Q, Fu 
X, Ma Y, Zhang Y (2016) Effects of chronic sleep deprivation on bone mass and bone metabolism 
in rats. J Orthop Surg Res 11 (1):87. doi:10.1186/s13018-016-0418-6 [PubMed: 27485745] 

15. Lucassen EA, Coomans CP, van Putten M, de Kreij SR, van Genugten JH, Sutorius RP, de Rooij 
KE, van der Velde M, Verhoeve SL, Smit JW, Lowik CW, Smits HH, Guigas B, Aartsma-Rus AM, 
Meijer JH (2016) Environmental 24-hr Cycles Are Essential for Health. Curr Biol 26 (14):1843–
1853. doi:10.1016/j.cub.2016.05.038 [PubMed: 27426518] 

16. Swanson C, Shea SA, Wolfe P, Cain SW, Munch M, Vujovic N, Czeisler CA, Buxton OM, Orwoll 
ES (2017) Bone Turnover Markers After Sleep Restriction and Circadian Disruption: A 
Mechanism for Sleep-Related Bone Loss in Humans. The Journal of clinical endocrinology and 
metabolism 102:3722–3730. doi:10.1210/jc.2017-01147 [PubMed: 28973223] 

17. Buxton OM, Cain SW, O’Connor SP, Porter JH, Duffy JF, Wang W, Czeisler CA, Shea SA (2012) 
Adverse metabolic consequences in humans of prolonged sleep restriction combined with 
circadian disruption. Science translational medicine 4 (129):129ra143. doi:10.1126/scitranslmed.
3003200

18. Czeisler CA, Buxton OM (2015) Chapter 35: Human Circadian Timing System and Sleep-Wake 
Regulation. In: Kryger M, Roth T, Dement WC (eds) Principles and Practice of Sleep Medicine 
Sixth Edition 6th edn. Elsevier, Philadelphia, PA, pp 362–376

19. Swanson C, Shea SA, Wolfe P, Markwardt S, Cain SW, Munch M, Czeisler CA, Orwoll ES, 
Buxton OM (2017) 24-hour profile of serum sclerostin and its association with bone biomarkers in 

Swanson et al. Page 10

Osteoporos Int. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



men. Osteoporosis international : a journal established as result of cooperation between the 
European Foundation for Osteoporosis and the National Osteoporosis Foundation of the USA 
28:3205–3213. doi:10.1007/s00198-017-4162-5

20. Qvist P, Christgau S, Pedersen BJ, Schlemmer A, Christiansen C (2002) Circadian variation in the 
serum concentration of C-terminal telopeptide of type I collagen (serum CTx): effects of gender, 
age, menopausal status, posture, daylight, serum cortisol, and fasting. Bone 31 (1):57–61 
[PubMed: 12110413] 

21. Redmond J, Fulford AJ, Jarjou L, Zhou B, Prentice A, Schoenmakers I (2016) Diurnal Rhythms of 
Bone Turnover Markers in Three Ethnic Groups. The Journal of clinical endocrinology and 
metabolism:jc20161183 doi:10.1210/jc.2016-1183

22. Maronde E, Schilling AF, Seitz S, Schinke T, Schmutz I, van der Horst G, Amling M, Albrecht U 
(2010) The clock genes Period 2 and Cryptochrome 2 differentially balance bone formation. PloS 
one 5 (7):e11527. doi:10.1371/journal.pone.0011527 [PubMed: 20634945] 

23. Samsa WE, Vasanji A, Midura RJ, Kondratov RV (2016) Deficiency of circadian clock protein 
BMAL1 in mice results in a low bone mass phenotype. Bone 84:194–203. doi:10.1016/j.bone.
2016.01.006 [PubMed: 26789548] 

24. Takarada T, Xu C, Ochi H, Nakazato R, Yamada D, Nakamura S, Kodama A, Shimba S, Mieda M, 
Fukasawa K, Ozaki K, Iezaki T, Fujikawa K, Yoneda Y, Numano R, Hida A, Tei H, Takeda S, 
Hinoi E (2017) Bone Resorption Is Regulated by Circadian Clock in Osteoblasts. Journal of bone 
and mineral research : the official journal of the American Society for Bone and Mineral Research 
32 (4):872–881. doi:10.1002/jbmr.3053

25. Xu C, Ochi H, Fukuda T, Sato S, Sunamura S, Takarada T, Hinoi E, Okawa A, Takeda S (2016) 
Circadian Clock Regulates Bone Resorption in Mice. Journal of bone and mineral research : the 
official journal of the American Society for Bone and Mineral Research 31 (7):1344–1355. doi:
10.1002/jbmr.2803

26. Fu L, Patel MS, Bradley A, Wagner EF, Karsenty G (2005) The molecular clock mediates leptin-
regulated bone formation. Cell 122 (5):803–815. doi:10.1016/j.cell.2005.06.028 [PubMed: 
16143109] 

27. Meier-Ewert HK, Ridker PM, Rifai N, Regan MM, Price NJ, Dinges DF, Mullington JM (2004) 
Effect of sleep loss on C-reactive protein, an inflammatory marker of cardiovascular risk. J Am 
Coll Cardiol 43 (4):678–683. doi:10.1016/j.jacc.2003.07.050 [PubMed: 14975482] 

28. Chen YM, Chen HH, Huang WN, Liao TL, Chen JP, Chao WC, Lin CT, Hung WT, Hsieh CW, 
Hsieh TY, Chen YH, Chen DY (2017) Tocilizumab potentially prevents bone loss in patients with 
anticitrullinated protein antibody-positive rheumatoid arthritis. PloS one 12 (11):e0188454. doi:
10.1371/journal.pone.0188454 [PubMed: 29155868] 

29. Edwards CJ, Williams E (2010) The role of interleukin-6 in rheumatoid arthritis-associated 
osteoporosis. Osteoporosis international : a journal established as result of cooperation between 
the European Foundation for Osteoporosis and the National Osteoporosis Foundation of the USA 
21 (8):1287–1293. doi:10.1007/s00198-010-1192-7

30. Ducy P, Amling M, Takeda S, Priemel M, Schilling AF, Beil FT, Shen J, Vinson C, Rueger JM, 
Karsenty G (2000) Leptin inhibits bone formation through a hypothalamic relay: a central control 
of bone mass. Cell 100 (2):197–207 [PubMed: 10660043] 

31. Takeda S, Elefteriou F, Levasseur R, Liu X, Zhao L, Parker KL, Armstrong D, Ducy P, Karsenty G 
(2002) Leptin regulates bone formation via the sympathetic nervous system. Cell 111 (3):305–317 
[PubMed: 12419242] 

32. Dimitri P, Rosen C (2017) The Central Nervous System and Bone Metabolism: An Evolving Story. 
Calcified tissue international 100 (5):476–485. doi:10.1007/s00223-016-0179-6 [PubMed: 
27501818] 

33. Elefteriou F, Ahn JD, Takeda S, Starbuck M, Yang X, Liu X, Kondo H, Richards WG, Bannon TW, 
Noda M, Clement K, Vaisse C, Karsenty G (2005) Leptin regulation of bone resorption by the 
sympathetic nervous system and CART. Nature 434 (7032):514–520. doi:10.1038/nature03398 
[PubMed: 15724149] 

34. Chavassieux P, Portero-Muzy N, Roux JP, Garnero P, Chapurlat R (2015) Are Biochemical 
Markers of Bone Turnover Representative of Bone Histomorphometry in 370 Postmenopausal 

Swanson et al. Page 11

Osteoporos Int. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Women? The Journal of clinical endocrinology and metabolism 100 (12):4662–4668. doi:
10.1210/jc.2015-2957 [PubMed: 26505821] 

Swanson et al. Page 12

Osteoporos Int. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Study Protocol
(adapted from Swanson et al [16] and Buxton et al[17])

Horizontal black bars depict sleep opportunities. Blue “F” represent time points when fasted 

plasma was collected to measure P1NP for this analysis. All men had a 3-week pre-

admission phase where they had 10 hours of sleep opportunity per day with consistent bed/

wake times. Upon admission, men had at least 10 hours of sleep opportunity per day during 

baseline days. For the next ~3 weeks, men were exposed to a “forced desynchrony” (FD) 

protocol which is akin to the stresses endured during rapidly rotating shiftwork. The FD 

protocol required the men to live on a 28-hour day (instead of the typical 24-hour day) to 

induce circadian disruption and included the equivalent of 5.6 hours of sleep opportunity per 

24 hours (6.5 hours per 28 hours). These study conditions induced circadian disruption and 

cumulative sleep restriction, akin to the stresses endured during rapidly rotating shiftwork.
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Figure 2. Individuals’ Plasma P1NP Levels Across the Protocol
P1NP levels for the six young men in the first two columns and the three older men in the far 

right column. X-axis represents calendar days. Blue diamonds represent fasting plasma 

P1NP levels used for this analysis. Gray background indicates samples were obtained during 

the baseline segment of the protocol and orange background indicates samples were 

obtained during the forced desynchrony (FD) segment of the protocol. The decline in fasting 

P1NP from baseline appeared to occur within the first 10 days of the intervention and 

remained lower over the remaining weeks of sleep restriction with circadian disruption.
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Figure 3. P1NP Decline Across the Forced Desynchrony Protocol
Fitted piecewise linear regression curve for all men (n = 9) with group averages showing the 

trajectory of P1NP decline across the study protocol. X-axis represents calendar days. Solid 

dark blue line indicates fitted curve, light blue dotted line and shading represent 95% 

confidence intervals. Blue diamonds with vertical standard deviation (SD) bars represent 

group averages for each available time point. The number of men contributing data to each 

time point varies, and time points with data from only one man have no SD bars. Horizontal 

shaded bars along the x-axis represent approximate phase of protocol (gray = baseline, 

orange = forced desynchrony). Gap in data points represents i.v. break for participants when 

no blood was drawn. P1NP levels declined significantly (β= −1.33 μg/L per 24-h, p < 

0.0001) with initial exposure to the FD protocol and remained lower (β= −0.18 μg/L per 24-

h, p = 0.67) without evidence of recovery in P1NP levels with ongoing exposure. p < 0.05 

indicates the slope of the line is significantly different from 0.
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