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Abstract
The past decade, it has become evident that circadian rhythms within metabolically 
active tissues are very important for physical health. However, although shift work 
has also been associated with an increased risk of fractures, circadian rhythmicity 
has not yet been extensively studied in bone. Here, we investigated which genes are 
rhythmically expressed in bone, and whether circadian disruption by shifts in light-
dark cycle affects bone turnover and structure in mice. Our results demonstrate diur-
nal expression patterns of clock genes (Rev-erbα, Bmal1, Per1, Per2, Cry1, Clock), 
as well as genes involved in osteoclastogenesis, osteoclast proliferation and function 
(Rankl, Opg, Ctsk), and osteocyte function (c-Fos) in bone. Weekly alternating light-
dark cycles disrupted rhythmic clock gene expression in bone and caused a reduc-
tion in plasma levels of procollagen type 1 amino-terminal propeptide (P1NP) and 
tartrate-resistant acidic phosphatase (TRAP), suggestive of a reduced bone turnover. 
These effects coincided with an altered trabecular bone structure and increased corti-
cal mineralization after 15 weeks of light-dark cycles, which may negatively affect 
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1  |   INTRODUCTION

Our 24/7 society is dependent on shift work, which includes 
night shifts and rotating shift schedules. These working sched-
ules result in a misalignment between the sleep-wake cycle 
and the internal biological clock, which is under control of 
the suprachiasmatic nucleus (SCN) in the hypothalamus, also 
referred to as the central “master” clock. The SCN receives 
light signals from the eyes and subsequently synchronizes 
circadian (ie, 24 hours) rhythms in all responsive tissues of 
the body. These tissue rhythms are driven by circadian clock 
genes, which promote rhythmic expression of many import-
ant tissue-specific genes and proteins.1,2 There is a substantial 
amount of evidence demonstrating the importance of circa-
dian rhythm in biological functions of metabolic tissues such 
as liver, muscle, and adipose tissue.3-5 Accordingly, circadian 
disruption through shift work has been associated with nu-
merous disorders related to a dysfunction in metabolic tis-
sues, such as obesity, diabetes, and cardiovascular disease.6-8 
In addition, shift work has been associated with a low bone 
mineral density and increased fracture risk,9,10 which are both 
hallmarks of the bone disease osteoporosis. The personal 
burden of osteoporosis is high, with a significant decrease in 
quality of life and increased mortality in case of fractures.11,12 
Nevertheless, the importance of circadian rhythm for skeletal 
health has not yet been extensively studied.

Healthy bone is constantly being remodeled, and this re-
modeling is important for bone growth and repair, as well as 
maintaining bone strength.13 Bone is composed of a compact 
outer layer of cortical bone and an inner structure of trabecular 
bone formed by a network of beams called trabeculae. Three 
main cell types reside in these bone structures and play an im-
portant role in bone remodeling: osteoclasts, osteoblasts, and 
osteocytes. While osteoclasts degrade and resorb mineralized 
bone, osteoblasts produce bone matrix which is mineralized 
to form new bone.14 Osteoblasts can communicate with os-
teoclasts by excreting receptor activator of nuclear factor κ-B 
ligand (RANKL), which binds to its receptor RANK on os-
teoclasts. Activation of RANK stimulates osteoclast differ-
entiation, maturation, and activity, thereby increasing bone 
resorption. Another protein secreted by osteoblasts is osteo-
protegerin (OPG), which binds to RANKL and prevents it 
from interacting with RANK, thus preventing the bone from 

excessive resorption.15 Osteocytes form an interconnected 
network within the bone tissue that senses mechanical stress. 
In response to these signals, osteocytes communicate with 
both osteoclasts and osteoblast to regulate their activity de-
pendent on the mechanical needs of the bone tissue.16

Physiological bone remodeling requires a balance be-
tween bone resorption by osteoclasts and bone formation by 
osteoblasts, which can be assessed through measuring bone 
turnover markers.17 Recently, it has been shown that circu-
lating bone turnover markers exhibit a circadian rhythm in 
humans18 and are negatively affected by a combination of 
circadian disruption and sleep restriction.19 Furthermore, ge-
netic disruption of clock genes affects the bone phenotype in 
mice,20-24 suggesting a causal link between circadian physi-
ology and bone health. However, it remains to be elucidated 
whether mistimed light exposure during shift work is caus-
ally related to skeletal disorders.

In this study, we aimed to investigate whether clock genes 
and genes involved in bone remodeling are rhythmically ex-
pressed in bones of mice, and examined whether circadian 
disruption through modeled shift work affects bone turnover 
and structure.

2  |   MATERIALS AND METHODS

2.1  |  Animals

Mouse studies were performed in APOE*3-Leiden.CETP 
mice, a well-established model for human-like lipoprotein 
metabolism,25 as they were also designed to examine ef-
fects of alternating light-dark cycles on lipid metabolism.26 
This way we could reduce the use of experimental animals. 
11- to 16-week-old female APOE*3-Leiden.CETP mice fed 
a chow diet were sacrificed at Zeitgeber time (ZT) 0, ZT6, 
ZT12, and ZT18 to assess circadian rhythmicity of bone. In 
addition, to evaluate the effects of disturbance in circadian 
rhythmicity on bone, 13- to 17-week-old female APOE*3-
Leiden.CETP mice fed a Western-type diet (35% energy 
from fat; supplemented with 0.1% cholesterol) were exposed 
to either regular light-dark cycles (LD), or weekly alternat-
ing light-dark cycles (LD-DL; ie, complete reversal of the 
light and dark phase every week), as illustrated by Figure 1 

bone strength in the long term. Collectively, these results show that a physiological 
circadian rhythm is important to maintain bone health, which stresses the importance 
of further investigating the association between shift work and skeletal disorders.

K E Y W O R D S

bone mineralization, bone structure, bone turnover, circadian rhythm, clock genes
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(see “Behavioral analysis” section for more information). 
Mice were exposed to 10 weeks of light intervention and 
sacrificed 3 days after the last shift in light-dark cycle at ZT0 
and ZT12 to evaluate effects of circadian disruption on gene 
expression in bone. These timepoints were chosen as most 
clock genes show a peak in amplitude either around ZT0 or 
ZT12 in peripheral tissues.27 Tibiae were freshly isolated, 
flushed with PBS to remove the bone marrow and stored in 
RNAlater stabilization solution (ThermoFisher), followed 
by RNA isolation, cDNA synthesis, and qRT-PCR analy-
sis as described below. Mice were exposed for 15 weeks of 
light intervention and sacrificed 3days after the last shift in 
light-dark cycle from ZT0 to ZT6 to evaluate long-term ef-
fects of circadian disruption on bone turnover and structure. 
To this end, blood sample was collected to measure bone 
turnover markers, and femora were isolated, fixed in for-
malin, and stored in 70% ethanol for histology, micro-CT 
(micro-computed tomography) analysis, mechanical testing, 
and analysis of mineralization. Mouse experiments were 
performed in accordance with the Institute for Laboratory 
Animal Research Guide for the Care and Use of Laboratory 
Animals after having received approval from the University 
Ethical Review Board (Leiden University Medical Center, 
Leiden, The Netherlands).

2.2  |  Behavioral analysis

Throughout the entire study, behavioral activity patterns were 
assessed by housing mice in cages fitted with passive infra-
red detectors. Behavioral patterns per cage were analyzed by 
plotting actograms using ClockLab data analysis software 
(Actimetrics), as shown in Figure 1. The recorded activity 
data were used to calculate total physical activity and physi-
cal activity per day in the light versus dark phase following a 
shift in light-dark cycle.

2.3  |  RNA isolation, cDNA synthesis, and 
qRT-PCR

Tibiae were homogenized in TRIzol RNA isolation reagent 
(Roche Diagnostics), and total RNA was isolated according 
to the manufacturer’s instructions. About 1 µg of total RNA 
was reverse-transcribed using M-MLV reverse transcriptase 
(Promega), and qRT-PCR was performed with a SYBR Green 
Supermix on a CFX96 PCR machine (Bio-Rad). Primer se-
quences are available upon request. mRNA expression of 
genes of interest was normalized to mRNA expression of the 
housekeeping gene Gapdh.

2.4  |  P1NP, TRAP, and corticosterone 
measurements

After sacrifice of the mice, blood sample was collected via 
cardiac puncture in EDTA-coated tubes. These samples were 
used to determine plasma concentrations of P1NP and TRAP 
using enzyme immunoassay kits (IDS) according to manu-
facturer’s instructions. In week 3 of the study, blood sample 
was collected via the tail vein in heparin-coated capillaries, 
on day 1, 3, and 5 after a shift in light-dark cycle at ZT0 and 
ZT12. Blood collection was performed in a stress-minimized 
manner (ie, via a nick in the tail vein and within 2 minutes, 
to precede the stress-induced rise in corticosterone levels), as 
described before.28 Corticosterone concentration was meas-
ured by ELISA according to the manufacturer’s protocol 
(Corticosterone EIA, Immunodiagnostics).

2.5  |  TRAP histochemistry

Bones were fixed with formalin, decalcified for 3 weeks in 
10% EDTA, paraffin embedded, and cut into 5 µm sections. 

F I G U R E  1   Schematic double-plotted actograms, illustrating the study setup. APOE*3-Leiden.CETP mice were exposed to either regular 
light-dark cycles (LD) or weekly alternating light-dark cycles (12 h shifts; LD-DL) to mimic shift work. Behavioral activity data was collected via 
passive infrared monitors, and used to generate actograms (ie, a schematic representation of the activity over time). Representative double-plotted 
actograms are shown, in which a white background indicates the light phase (Zeitgeber time (ZT) 0-12), a grey background indicates the dark phase 
(ZT12-24), and black vertical bars indicate physical activity 
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Sections were stained for TRAP using an acid phosphatase 
kit (Sigma-Aldrich) and counterstained with a Light Green 
solution. Osteoblasts were stained using a primary anti-
osteocalcin antibody (ALX-210-333, 1:1000; Enzo Life 
Sciences) in combination with a goat anti-rabbit secondary 
antibody (Dako). Sections were counterstained with haema-
toxylin. Slides were digitalized with Philips Digital Pathology 
Solutions (PHILIPS Electronics) for morphological measure-
ment, and both osteoclast and osteoblast surface areas were 
quantified using TrapHisto open source software.29

2.6  |  Micro-CT analysis

Micro-CT analysis was performed to evaluate structural 
changes of the bone. Bones were scanned with a microcom-
puted tomography system (µCT 40; Scanco Medical AG) 
using 55 kV, 145 µA, 300 ms integration time, and a resolu-
tion of 10 µm. Image processing included Gaussian filtering 
and segmentation with σ = 0.8, support 1, threshold 430 mg 
hydroxyapatite (HA)/cm3 for trabecular parameters, and 
600  mg HA/cm3 for cortical parameters, respectively. For 
trabecular bone, a total of 150 slides (1.5 mm) starting from 
0.1 mm distal to the growth plate were analyzed. For corti-
cal bone, 25 slides above and 25 slides below the exact mid-
point of the bone were analyzed (total 0.5 mm). Trabecular 
and cortical volumes of interest (VOI) were chosen by vis-
ual inspection. The morphometry of cortical and trabecular 
bone was performed with the program uct_evaluation v6.5-3 
(Scanco Medical AG).

2.7  |  Mechanical testing by three-point 
bending

Three-point bending tests of femora were performed using a 
material testing device with a 0 N-200 N force sensor (Z.2.5/
TN1S, Zwick/Roell). After rehydration in saline for 2 days, the 
femora were placed with the anterior surface facing up on two 
fulcra separated by 7 mm. They were loaded perpendicularly 
to the midshaft of the bone with a rounded-off indenter that 
was lowered with a displacement rate of 0.01 mm/s. The re-
sponse to this load was recorded in force-displacement curves. 
Maximum load (Fmax) and stiffness were calculated directly 
by the testing software (testXpert 10.1, Zwick GmbH & Co). 
Young’s modulus was determined using the minimal moment 
of inertia of the midshaft from the Micro-CT analysis.

2.8  |  Analysis of mineralization

The bone mineral density distribution (BMDD) of femora 
was determined with a scanning electron microscope (ZEISS 

Crossbeam 340, ZEISS) using quantitative backscattered 
electron imaging (qBEI) as described before.30 The femurs 
were dehydrated in ascending alcohol concentrations and 
embedded into polymethyl methacrylate (PMMA). The 
PMMA blocks were grounded coplanarly, polished, and car-
bon coated. The microscope was operated at 20 kV with a 
constant working distance of 20 mm. qBEI images of both 
the cortical and trabecular bones were made with a magni-
fication of 600× and a pixel resolution of 0.4 µm. The gray 
level was calibrated using carbon and aluminium. The bone 
mineralization distribution was characterized by the mean 
and peak of the gray value distribution, which correspond to 
the mean calcium content (CaMean [wt%]) and peak calcium 
content (CaPeak [wt%]). The region of interest (ROI) was set 
over 0.38 mm along the shaft starting from 0.35 mm distal to 
the growth plate. Cortical and trabecular bone were separated 
visually.

2.9  |  Statistical analysis

All data are expressed as means ± SEM. Statistical analy-
sis was performed using GraphPad Prism (version 7.02 for 
Windows). Means were compared using two-tailed unpaired 
Student t-test, correcting for multiple comparisons using the 
Holm-Sidak method when applicable. Pearson correlation 
analysis was performed to examine potential linear relation-
ships between variables. Differences between groups were 
considered statistically significant at P < .05. Rhythm analy-
ses were performed by fitting a sine wave (Y = BaseLine + 
Amplitude × sin [Frequency × X + PhaseShift]) to the data. 
Gene expression was considered rhythmic if the 95% confi-
dence interval of the amplitude did not include zero.

3  |   RESULTS

3.1  |  Bone exhibits a potent circadian 
rhythm in gene expression

In tibiae bone samples, expression patterns of clock genes 
Rev-erbα (or Nrd1, nuclear receptor subfamily 1 group D 
member 1), Bmal1 (brain and muscle Arnt-like protein-1), 
Clock (circadian locomotor output cycles kaput), Per1 (pe-
riod circadian regulator 1), Per2 (period circadian regulator 
2), and Cry1 (cryptochrome circadian regulator 1) showed a 
circadian rhythm (Figure 2A), with the rhythm in Rev-erbα 
and Bmal1 being the most pronounced (more than a 3-fold 
difference in gene expression between the highest and low-
est point). To evaluate a functional rhythm of bone cells, we 
measured diurnal expression of various bone-related genes. 
Expression of Rankl, Opg, c-Fos, and Ctsk (cathepsin K) all 
followed a circadian pattern (Figure 2B). At the start of the 
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light phase, markers for osteoclast function Ctsk and Rankl 
showed the highest expression. Expression of Opg was low-
est at the start of the light phase. c-Fos, which is expressed 
by osteocytes, is the highest in the middle of the dark period. 
Expressions of Runx2 (runt-related transcription factor 2), 
Nfatc (nuclear factor of activated T-cells), Rank, and Col1a1 
(collagen type I α) were not rhythmic (Figure 2B; data not 
shown).

3.2  |  Weekly alternating light-dark cycles 
disrupt circadian rhythm in bone

Next, we exposed mice to either regular light-dark cycles (LD), 
or weekly alternating light-dark cycles (LD-DL) for a period 
of 10 weeks, to evaluate effects of circadian disturbance on 

gene expression in bone. We sacrificed the mice 3 days after 
the last shift in light-dark cycle, when they are not yet fully 
acclimated to their new rhythm (as shown in Figure 1 with 
respect to activity rhythms). At this time point, expression 
of clock genes was disrupted in LD-DL mice (Figure 3A), 
with significant differences in rhythm amplitude (ZT0-ZT12; 
the beginning of the light phase versus the beginning of the 
dark phase) of Rev-erbα, Bmal1, Clock, and Cry1 between 
LD-DL mice and LD controls (see Supplementary Table 1 
for the rhythm amplitude and corresponding p-values). It also 
appeared that rhythm in bone-related genes such as Opg, c-
Fos, and Ctsk was attenuated by alternating light-dark cycles 
(Figure 3B), but differences in rhythm amplitude of these 
genes were not significant (Supplementary Table 1).

To evaluate whether circadian disruption would affect bone 
health on a longer term, we exposed mice to weekly alternating 

F I G U R E  2   Bone shows rhythmic expression of clock and bone-related genes. A, B) Mice were sacrificed at Zeitgeber time (ZT) 0, ZT6, 
ZT12, and ZT18 (denotation of time in which ZT0 = lights on, and ZT12 = lights off) to assess circadian rhythmicity of clock genes A, and bone-
related genes B, in tibiae (n = 7). Data points were log-transformed and double plotted from the dotted lines. Light and grey areas represent the 
light and dark phase, respectively. Rhythm analyses were performed by fitting a sine wave to the data and evaluating the confidence interval (CI) of 
the amplitude. Data represent means ± SEM 
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light-dark cycles for a total period of 15 weeks. Alternating 
light-dark cycles did not affect total food intake (Figure 4A), 
physical activity (Figure 4B), or body weight (Figure 4C) 
throughout the entire study period. Also, weight of metabolic 
organs (ie, the liver, gonadal white adipose tissue (gWAT) and 
interscapular brown adipose tissue (iBAT)) was similar be-
tween LD-DL mice and LD controls at endpoint (Figure 4D).

Next, we examined the effect of alternating light-dark 
cycles on two important mediators of peripheral circadian 

rhythm: the sympathetic nervous system and glucocorti-
coid hormone. Histological analysis of bone marrow re-
vealed no effect of alternating light-dark cycles on tyrosine 
hydroxylase expression, a marker for sympathetic innerva-
tion (Figure 4E). Plasma levels of corticosterone, the pri-
mary glucocorticoid in mice, were strongly rhythmic in LD 
control mice, with a 10-fold difference between morning 
(ZT0) and evening (ZT12) levels (Figure 4F). In LD-DL 
mice, corticosterone rhythm was markedly disrupted on 

F I G U R E  3   Alternating light-dark cycles disrupt rhythmic clock gene expression in bone. A, B, Mice exposed to either a regular light-dark 
cycle (LD) or weekly alternating light-dark cycles (LD-DL) were sacrificed after 10 weeks at Zeitgeber time (ZT) 0 (lights on) and ZT12 (lights 
off), 3 days after the last shift in light-dark cycle, to assess expression of clock genes (A) and bone-related genes (B) in tibiae. Differences in 
rhythm amplitude (ZT0-ZT12) were compared between LD-DL mice and LD controls (n = 8-9 per time point per group). Data represent means ± 
SEM. *P < .05, **P < .01, ***P < .001 compared to the control group, according to the two-tailed unpaired Student t-test
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day 1 after a shift in light-dark cycle, but restored after 
3 days. This was validated by two-way ANOVA analysis, 
which revealed a significant Time, Group, and Interaction 
effect on day 1, while the factors Group and Interaction 
lost their significance on day 3 (Supplementary Table 2). 
Along with the disruption in corticosterone rhythm, we ob-
served disruptions in behavioural activity of LD-DL mice. 
While LD mice were predominately active during the dark 
period, LD-DL mice were mostly active during the light 
period on day 1 after a shift in light-dark cycle. On day 
3, rhythm in physical activity was somewhat restored, al-
though still not to the extent of LD mice (Supplementary 

Table 2). Together, these data indicate that weekly shifts 
in light-dark cycle affect the circadian timing system and 
disrupt rhythmic gene expression in bone.

3.3  |  Circadian disruption affects bone 
turnover and structure

To evaluate whether the observed gene expression changes 
not only reflect a shift in acrophase (ie, the timing of cir-
cadian amplitude), but could affect bone turnover and 
structure on the long term, we measured bone turnover 

F I G U R E  4   Alternating light-dark cycles disrupt rhythm in physical activity and corticosterone, without affecting metabolic parameters. Mice 
were exposed to 15 weeks of normal light-dark cycles (LD) or weekly alternating light-dark cycles (LD-DL), and sacrificed three days after the last 
shift in light-dark cycle from ZT0 to ZT6 (n = 8 mice per group, n = 2 cages per group). A, Cumulative food intake was measured per cage and 
expressed as gram per mouse. B, Physical activity of each cage was measured via passive infrared monitors and the average activity over the whole 
study period was calculated. C, Body weight was measured throughout the study (n = 8 mice per group). D, Weight of the liver, gonadal white 
adipose tissue (gWAT), and interscapular brown adipose tissue (iBAT) was determined at endpoint (n = 8 per group). E, Decalcified femora were 
stained for tyrosine hydroxylase (TH) as a marker for sympathetic innervation, and counterstained with haematoxylin. Digital images were used to 
quantify the relative TH-positive area in bone marrow (n = 6 mice per group). F, Physical activity data was used to calculate the amount of activity 
in the light versus dark phase per cage, in week 3 on day 1 and 3 after a shift in light-dark cycle. G, In week 3 of the study, plasma was collected 
from mice at lights on (ZT0) and lights off (ZT12) on day 1 and 3 after a shift in light-dark cycle to measure circulating corticosterone levels (n = 8 
mice per group). Data represent means ± SEM. Data from Fig. 4F and G was compared by two-way ANOVA, of which P-values are reported in 
Supplementary Table 2 
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markers P1NP and TRAP in mice exposed to 15 weeks of 
light intervention. Plasma levels of P1NP were reduced in 
LD-DL mice versus LD controls (Figure 5A), indicative of 
reduced bone matrix production by osteoblasts. However, 
staining of the osteoblast marker osteocalcin in femora 
revealed an increase in osteoblasts on the trabecular bone 
surface of LD-DL mice (Figure 5B,C). This suggests that 
the decrease in P1NP is the result of an altered osteoblast 
function or activity rather than a decrease in the amount 
of osteoblasts. Plasma levels of TRAP, a marker of active 
osteoclasts, were also reduced in LD-DL mice compared 
to LD controls (Figure 5D). This is supported by TRAP 
histochemistry (Figure 5E,F), which showed a nonsignifi-
cant decrease in the amount of osteoclasts on the trabecu-
lar bone surface of LD-DL mice. These results indicate a 
reduction in both bone formation and resorption in mice 
exposed to alternating light-dark cycles.

Next, we aimed to evaluate long-term effects of circa-
dian disturbance on bone structure, strength, and mineraliza-
tion. Bone weight (Figure 6A) and length (Figure 6B) were 
nonsignificantly reduced in LD-DL mice. Micro-CT anal-
ysis was performed to measure parameters of both cortical 
and trabecular bone structure, listed in Table 1. Alternating 
light-dark cycles did not affect cortical parameters, such as 
cortical bone volume (Ct.BV; Figure 6C) and cortical thick-
ness (Ct.Th; Figure 6D). Strength of the cortical bone as 
determined by mechanical testing was also not affected by 

the light intervention (Table 2). Moreover, trabecular bone 
volume (BV/TV) tended to be increased in LD-DL mice ver-
sus LD controls (Figure 6E). Accordingly, trabecular num-
ber (Tb.N) was increased (Figure 6F) and trabecular spacing 
(Tb.Sp) was decreased (Table 1). These structural changes 
can also be appreciated from representative micro-CT im-
ages of trabecular bone shown in Figure 6G. We measured 
the bone mineralization density distribution (BMDD) of 
both the cortical and trabecular bone by qBEI. The cortical 
BMDD showed a shift to the right in LD-DL mice compared 
to LD controls (Figure 6H), with an increased mean cal-
cium content (CaMean; Figure 6I) and peak calcium content 
(CaPeak; Figure 6J, also illustrated by dashed lines in the 
BMDD of Figure 6H), demonstrating increased bone miner-
alization. The same tendencies were observed in trabecular 
bone (Figure 6K-M).

4  |   DISCUSSION

In this study, we investigated the importance of circadian 
rhythms for bone health. We demonstrated that bone shows 
clear diurnal expression patterns of clock genes and bone-
related genes. Furthermore, our results indicate that disturb-
ing circadian rhythm by shifts in light-dark cycles affects the 
number and function of osteoclasts and osteoblasts, resulting 
in a decreased bone turnover and alterations in bone structure 

F I G U R E  5   Alternating light-dark cycles affect bone turnover markers. A, Plasma levels of procollagen type 1 amino-terminal propeptide 
(P1NP) were evaluated at end point, after 15 weeks of normal light-dark cycles (LD) or weekly alternating light-dark cycles (LD-DL) (n = 8 
per group). B, C, Decalcified femora were stained for osteocalcin to visualize osteoblasts, and counterstained with haematoxylin. Digital images 
were used to quantify the relative osteoblast surface area (n = 6 per group). D, Plasma levels of tartrate-resistant acidic phosphatase (TRAP) were 
measured at end point (n = 8 per group). E, F, Decalcified femora were stained for TRAP to visualize osteoclasts, and counterstained with Light 
Green. Stained slides were digitalized and used to quantify the relative osteoclast surface area (n = 6 per group). For all measurements, mice were 
sacrificed 3 days after the last shift in light-dark cycle, from ZT0 to ZT6. Data represent means ± SEM. *P < .05, **P < .01 compared to the LD 
control group, according to the two-tailed unpaired Student t-test
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and mineralization that may negatively affect bone strength 
in the long term.

We demonstrated rhythmic oscillations in clock gene 
expression in bone that are very similar to those observed 
in other tissues, such as adipose tissue, liver, and muscle.27 
In these tissues, rhythms in Rev-erbα and Bmal1 also show 
the strongest amplitude compared to other clock genes, and 
all clock genes follow the same rhythmic pattern as now 

demonstrated in bone. The importance of rhythm in clock 
gene expression for bone has been established previously by 
the presence of a bone phenotype in clock gene knockout mice. 
Mice lacking Clock or Bmal1 have a reduced bone mass,21,24 
while Per1/2 and Cry1/2 double knockout mice have an in-
creased bone mass,20 indicating involvement of clock genes 
in bone turnover. This is supported by our data demonstrat-
ing a rhythm in the expression of various bone-related genes. 

F I G U R E  6   Alternating light-dark cycles modulate trabecular bone structure and increase bone mineralization. A, B, Weight and length of 
whole femora bones was measured at end point, after 15 weeks of normal light-dark cycles (LD) or weekly alternating light-dark cycles (LD-DL) 
(n = 6-8 per group). C-F, Micro-CT analysis was used to assess cortical bone volume (Ct.BV), cortical thickness (Ct.Th), trabecular bone volume 
(BV/TV) and trabecular number (Tb.N) (n = 7-8 per group). G, Representative micro-CT images of the trabecular bone structure are shown. H-M, 
qBEI was used to determine the bone mineralization density distribution (BMDD) of cortical (H) and trabecular (K) bone, characterized by the 
mean calcium content (CaMean) (I, L) and peak calcium content (CaPeak, as illustrated by dashed lines in the BMDD graph) (J, M) (n = 8 per 
group). Data represent means ± SEM. *P < .05 compared to the LD control group, according to the two-tailed unpaired Student t-test

 15306860, 2020, 1, D
ow

nloaded from
 https://faseb.onlinelibrary.w

iley.com
/doi/10.1096/fj.201901929R

 by U
niversity O

f L
eiden, W

iley O
nline L

ibrary on [04/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



      |  1061SCHILPEROORT et al.

Of these genes, Ctsk, Rankl, and Opg showed the strongest 
rhythm. Osteoclasts express Ctsk, which encodes the prote-
ase cathepsin K involved in bone resorption. Ctsk showed the 
highest expression at the onset of the light phase, suggesting 
increased bone resorption at this time. In line with this, the 
expression of the osteoclast activator Rankl was high, while 
the expression of the RANKL inhibitor Opg was low at light 
onset. The fact that genes involved in osteoclast function 
were found to be most rhythmic suggests osteoclasts may be 
particularly important in mediating circadian rhythm of bone 
tissue. Nonetheless, we also found oscillations in genes ex-
pressed by osteocytes and osteoblasts, suggesting presence of 

rhythm in all major bone cell types, which collectively may 
contribute to rhythmic bone remodeling.31

It is currently unknown which internal cues can regulate 
rhythm in bone tissue. In response to light, the SCN is able to 
synchronize rhythm in peripheral tissues through regulation 
of behavioral rhythms (eg, physical activity and fasting/feed-
ing behavior), the autonomous nervous system, and hormonal 
cues. Physical activity can directly affect the bone remodeling 
through mechanical loading that is sensed by a network of os-
teocytes in the bone32 and results in upregulation of the gene 
c-Fos.33 We found a rhythmic c-Fos expression in bone, with 
the highest expression in the middle of the dark period, which 
is the active phase of mice. These results are consistent with 
c-Fos being induced in osteocytes by mechanical loading and 
support a role of physical activity in rhythmic bone remodel-
ing. Shifting light-dark cycles disrupted behavioral rhythm in 
mice, which could have affected the circadian clock in bone. 
Moreover, in vitro studies have demonstrated an important 
role for sympathetic innervation and glucocorticoid hormone 
for bone rhythm. Treatment of osteoblasts with the β-adren-
ergic receptor agonist isoprenaline promotes rhythmic oscil-
lations in clock genes,34,35 and the synthetic glucocorticoid 
dexamethasone has been shown to induce a rhythm in cul-
tured osteoclasts and osteoblasts.35,36 In our study, we did not 
observe an effect of circadian disruption through light-dark 
shifts on the expression of tyrosine hydroxylase, a marker of 
sympathetic innervation, in bone. We did, however, observe 
a profound disturbance in the rhythm of the glucocorticoid 
hormone corticosterone following shifting light-dark cycles. 
Considering the important role that glucocorticoids play in 
regulating cell intrinsic rhythm, disturbance of glucocorti-
coid rhythm could (in part) underlie the observed disruption 
of the molecular clock in bone. However, future studies are 
needed to investigate whether glucocorticoid rhythm is indis-
pensable for rhythmic bone metabolism.

To further elucidate the importance of a physiological cir-
cadian rhythm for bone health, we measured bone turnover 
markers in mice subjected to circadian disruption by shifts in 
the light-dark cycle. Circadian disruption reduced bone turn-
over, evident by reduced plasma levels of the bone formation 
marker P1NP and the bone resorption marker TRAP. This 
is in line with the only intervention study performed in hu-
mans so far, that showed a reduction in P1NP as a result of 
a combination of sleep restriction and circadian disruption.19 
Furthermore, shifting light-dark cycles affected the trabecu-
lar bone structure, demonstrated by an increase in trabecular 
number and a decrease in trabecular spacing, accompanied 
by a trend towards an increased trabecular bone volume. This 
finding was surprising, as osteoporosis is characterized by a 
decrease in trabecular bone volume. This discrepancy might be 
explained by the fact that bones of mice show skeletal growth 
between 2 and 12 months of age (from early adult to middle 
age), which is accompanied by a natural decrease in relative 

T A B L E  1   Micro-CT analysis of bones from LD and LD-DL 
mice

Parameter LD (mean ± SEM)
LD-DL (mean 
± SEM)

Cortical structure    

Ct.BV (mm3) 0.43 ± 0.01 0.41 ± 0.01

Ct.BS (mm2) 4.12 ± 0.08 4.10 ± 0.05

BS/BV (mm2/mm3) 9.85 ± 0.16 10.03 ± 0.18

Ct.Th (mm) 0.199 ± 0.003 0.195 ± 0.004

BMD (cortical) 1178.6 ± 10.9 1158.1 ± 7.8

Trabecular structure    

BV/TV (%) 5.42 ± 0.55 7.33 ± 0.83

Conn.Den. (1/mm3) 30.4 ± 4.3 44.1 ± 5.2

SMI 2.99 ± 0.06 2.71 ± 0.16

Tb.N (1/mm) 2.78 ± 0.07 2.99 ± 0.04*

Tb.Th (mm) 0.0482 ± 0.003 0.0486 ± 0.001

Tb.Sp (mm) 0.36 ± 0.01 0.33 ± 0.01*

BMD (trabecular) 894.4 ± 10.0 906.4 ± 4.1

Abbreviations: BMD, bone mineral density; BS/BV, cortical area fraction; BV/
TV, trabecular bone volume; Conn.Den., connectivity density; Ct.BS, cortical 
bone surface; Ct.BV, cortical bone volume; Ct.Th, cortical thickness; SMI, 
structure model index; Tb.N, trabecular number; Tb.Sp, trabecular spacing; 
Tb.Th, trabecular thickness.
*P < .05 compared to the control group, according to the two-tailed unpaired 
Student t-test. 

T A B L E  2   Mechanical testing of bones from LD and LD-DL 
mice

Parameter LD (mean ± SEM)
LD-DL 
(mean ± SEM)

Mechanical testing    

Fmax (N) 14.37 ± 0.44 14.35 ± 0.23

Stiffness (N/mm) 112.0 ± 2.7 108.4 ± 2.3

Young’s modulus 
(kN/mm2)

5.60 ± 0.20 6.00 ± 0.09

Fmax, the highest load that the bone can withstand; Stiffness, measure of 
resistance to the applied displacement; Young’s modulus, resistance to elastic 
deformation.
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trabecular bone volume and number and an increase in trabec-
ular spacing.37,38 We exposed mice to light-dark shifts from ~4 
to 8 months of age and observed an opposite effect on these 
parameters, suggesting that the bones of these mice show an 
impaired growth, consistent with the observed decrease in bone 
turnover markers. Thus, circadian disruption may differentially 
affect trabecular bone structure in an age-dependent manner. 
Further research is required to investigate the impact of shifting 
light-dark cycles on bone quality in middle-aged mice in which 
bone remodelling is independent of skeletal growth.

While trabecular bone does contribute to bone strength,39 
cortical bone bears the main part of the mechanical load.40 
Cortical bone structure was not significantly affected in our 
study, in which mice were exposed to 15 weeks of light inter-
vention. Of note, the rate of bone remodeling is proportional 
to the surface area,41 which is greater for trabecular bone as 
compared to cortical bone. This makes cortical bone less re-
sponsive to changes in bone turnover.42 Thus, a longer study 
duration perhaps could reveal additional effects of circadian 
disruption on cortical bone structure.

Although cortical bone structure was not yet affected in 
our study, we did observe changes in cortical bone mineraliza-
tion in mice exposed to shifting light-dark cycles. An optimal 
bone mineralization is required for bone stiffness, strength, 
and toughness,43 and deviations in mineralization have been 
observed in a variety of bone diseases.44 Although its exact 
role in bone physiology is still debated,45 osteocalcin has been 
reported to promote mineralization.46 As we observed an in-
creased osteocalcin staining in mice exposed to shifts in light-
dark cycles, this could indicate changes in the mineralization 
process. Indeed, circadian disruption increased mineraliza-
tion of cortical bone, which corresponds to an increased bone 
stiffness and brittleness. An increased mineralization has also 
been observed in bone of patients with osteoporosis, result-
ing in accumulation of microdamage and increased fracture 
risk.47,48 Although mechanical properties were still adequate 
to maintain cortical bone strength in our study, in the long 
term the observed changes in mineralization could contribute 
to a decreased bone strength and increased fracture risk.48

We performed our experiments in APOE*3-Leiden.CETP 
mice on a Western-type diet, as we also aimed to investigate 
effects of circadian disruption on lipid metabolism.26 The in-
creased levels of plasma lipids and cholesterol in these mice 
could have interacted with circadian disruption to deteriorate 
bone health, since lipid-rich diets have been shown to affect 
both bone metabolism and circadian rhythm.49,50 It would 
be of interest to study whether shifting light-dark cycles 
similarly affects bone health in metabolically healthy wild-
type mice, or whether an additional metabolic challenge is 
required to observe effects of circadian disruption on bone. 
Furthermore, we specifically used female mice for our study. 
Although osteoporosis primarily occurs in women,51 it is 
currently unknown whether effects of circadian disruption on 

bone health differ between men and women, which requires 
further investigation.

Taken together, we demonstrate that a relatively mild inter-
vention of mistimed light exposure alters trabecular and corti-
cal bone, which could explain the association between circadian 
disruption by means of shift work and osteoporosis in humans. 
Osteoporosis affects more than 200 million people worldwide, 
and osteoporotic fractures often result in chronic pain, long-
term disability, and even early death.52 For a long time, osteopo-
rosis has been thought of as part of the normal ageing process. 
However, the past decades both nonmodifiable (eg, gender, 
ethnicity) and modifiable (eg, nutrition, body weight, sun ex-
posure) risk factors for osteoporosis have been well-defined.53 
Our work demonstrates that chronic rhythm disruption as oc-
curs in shift work is an important additional risk factor. Of note, 
approximately 20% and 30% of workers in Europe and the U.S. 
participate in shift work, respectively.54,55 This high prevalence 
emphasizes the necessity of further research on the risk of skel-
etal disorders associated with circadian disturbances, as well as 
underlying mechanisms. This could be of great importance to 
develop novel behavioral and/or pharmacological strategies to 
prevent bone disease in shift workers.
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