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Abstract
Summary This study investigated the influence of ovarian
hormone deficiency on core circadian regulatory protein
(CCRP) in the context of bone loss. Our data suggest that
ovarian hormone deficiency disrupts diurnal rhythmicity

and CCRP expression in bone. Further studies should
determine if chronobiology provides a novel therapeutic
target for osteoporosis intervention.
Introduction CCRP synchronize metabolic activities and
display an oscillatory expression profile in murine bone. In
vitro studies using bone marrow mesenchymal stromal/stem
cells have demonstrated that the CCRP is present and can
be regulated within osteoblast progenitors. In vivo studies
have shown that the CCRP regulates bone mass via leptin/
neuroendocrine pathways. The current study used an
ovariectomized murine model to test the hypothesis that
ovarian hormone deficiency is associated with either an
attenuation and/or temporal phase shift of the CCRP
oscillatory expression in bone and that these changes are
correlated with the onset of osteoporosis.
Methods Sham-operated controls and ovariectomized female
C57BL/6 mice were euthanized at 4-h intervals 2 weeks
post-operatively.
Results Ovariectomy attenuated the oscillatory expression
of CCRP mRNAs in the femur and vertebra relative to the
controls and reduced the wheel-running activity profile.
Conclusion Ovarian hormone deficiency modulates the
expression profile of the CCRP with potential impact on
bone marrow mesenchymal stem cell lineage commitment.

Keywords Diurnal . Estrogen .Mesenchymal stem cell .

Osteoporosis

Introduction

The body’s circadian clock requires the basic helix loop
helix–Periodic/ARNT/Sim domain family [1]. Members of
this superfamily, Clock and Brain Muscle Arnt-Like 1
(Bmal1), encode positive transcription factors binding to
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cis-acting E-box elements within the promoters of the
downstream targets cryptochrome (CRY) and period (PER),
which act as feedback negative regulators [1]. CRY and
PER form heterodimers and their expression levels display
a 24-h oscillation [1]. Additional downstream targets
include the repressors E4BP4 and nuclear hormone receptors
Rev-erb α and retinoic acid receptor related orphan receptor
(ROR) and the activator albumin D-box binding protein (DBP)
[1]. Identified collectively as the CCRP [2], these genes are
expressed in peripheral tissues [3] where their diurnal rhythm
can be desynchronized relative to the brain's central clock in
response to photic stimuli, feeding schedule, and systemic
factors (e.g., nuclear hormone receptor ligands) [1].

Studies show that CCRP genes contribute to bone
biology. Mutations in ROR cause abnormal circadian
rhythms and skeletal defects [4], and circadian oscillation
of PER 2 [5] and multiple CCRP genes [6] have been
reported in murine femora. Mice deficient in PER or CRY
display increased bone mass [6]. Transcriptomic analyses of
murine calvaria determined that ∼20% of expressed

mRNAs oscillated in a diurnal manner [7]. Mice transgenic
for an osteocalcin promoter driven luciferase reporter
displayed a diurnal luciferase expression profile in skeletal
tissues [8]. Oscillatory expression of representative CCRP
genes can be synchronized following dexamethasone
exposure in isolated bone marrow-derived mesenchymal
stem cells (BMSC) [2]. E4BP4 has been identified in
osteoblasts as a parathyroid hormone inducible transcriptional
repressor [9] while Rev-erb α, a heme-binding nuclear
hormone receptor, plays a regulatory role in directing
adipogenesis [10].

An imbalance between BMSC-driven osteogenesis and
adipogenesis in favor of adipogenesis contributes to bone loss
in osteoporosis [11]. The action of nuclear hormone receptors
(androgen, estrogen, glucocorticoid, PPARγ) and their
ligands have been linked to bone loss and the pathophysi-
ology of osteoporosis [11]. Furthermore, nuclear hormone
receptors, ligands, and co-activators modulate circadian
rhythms in murine models [1, 4, 12]. The current study
comparing sham-operated and ovariectomized mice indicates
that ovarian hormone deficiency desynchronizes CCRP
genes in the context of bone loss.

Methods

Animal studies

Under the Institutional Animal Care and Use Committee's
approved protocols, sham-operated and ovariectomized
(OVX) female 8-week-old C57BL/6 mice purchased from
the Charles River Laboratory (Wilmington, MA) (June,
2008) were maintained for 12 days under a constant 12-
h light:12-h dark cycle with ad lib Purina 5015 chow and
water access. Groups of control or OVX animals (n=3)
were euthanized and harvested at 4-h intervals [13]. Each
uterus was dissected and weighed and the L3-4 vertebra
harvested for RNA isolation. The tibia and the L5 vertebra
from n=6 mice were dissected, fixed, and stored in 70%
ethanol for μCT analyses.

Physical activity

To determine if OVX altered physical activity patterns
consistent with disturbed circadian mechanisms [14], wheel
running was performed and analyzed in sham-operated and

Fig. 1 Lights off wheel running in OVX mice, is severely attenuated
compared to sham-operated mice. a Averaged wheel turns for the
nocturnal bout (ZT, 12–24) of activity were compiled over six
consecutive nights (n=3/group, OVX, and sham-operated controls).
Significant differences (asterisk) between OVX and sham mice were
observed (p<0.00000005, Two 2-tailed Student's t-test). b Represen-
tative nocturnal wheel-running activity profile for OVX and sham-
operated controls. The OVX mice display a severe attenuation of
nocturnal wheel running throughout the 12-h lights-off period relative
to sham-operated controls. The X-axis displays the time from 0 min,
corresponding to ZT 12 to 720 min, corresponding to ZT 24

Fig. 2 Diurnal analysis of CCRP expression in the a femur and b
lumbar vertebra of sham-operated (square) and OVX (diamond) mice
was determined by RT-PCR using total RNA (n=3 mice/4-h time point).
Positive (Clock, Bmal1), negative (Per 3), and immediate downstream
targets (DBP, E4BP4, Rev-erb α) were normalized relative to the
housekeeping controls 18S RNA, β-actin, β2-microglobulin, and
cyclophilin B. Values displayed are the mean±SD
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OVX mice (n=3) under 12 h LD or constant dark conditions
from 2 to 6 weeks post ovariectomy [15].

Semi-quantitative real-time RT-PCR

Total RNA from skeletal tissues (femur, vertebra n=3
animals/time point) was analyzed by RT-PCR using an
approach that has been validated in multiple prior studies in
murine adipose and bone depots and isolated stem cells [7,
13, 16–18]. Results for each CCRP mRNA were normal-
ized relative to the mean expression of four separate control
genes (18S RNA, β-actin, β2-microglobulin, and cyclo-
philin B) at each corresponding time point. The PCR
primers can be found in Supplement Table 1.

Trabecular and cortical bone microarchitecture using μCT

X-ray microcomputed tomography was used to evaluate bone
microarchitecture of the proximal tibial metaphysis, tibial
mid-diaphysis and fifth lumbar vertebra [19]. All scans were
performed at 2,048×2,048 pixels or at a higher resolution
using an integration time of 165 ms per projection on a
μCT40 scanner (SCANCO Medical, Switzerland).

Biomechanical testing of vertebra with finite element
analysis (FEA)

Trabecular biomechanical parameters were evaluated from
μCT images using an FEA software (SCANCO Medical,
Switzerland). A micromechanical finite element model was
constructed by converting bone voxels from the VOI into 8-
node brick elements [20]. Compression testing was simu-
lated on the proximal tibia metaphyseal region and the
vertebral body

Statistics

Analyses used the Student's t-test where p<0.05 defined
statistical significance. Uterine weights were reported as
mean±standard deviation and other parameters as mean±
standard error. Cosinor analyses used the Time Series
Analysis-Single Cosinor v. 6.0 software (Expert Soft
Technologie, Richelieu, France) to determine the period
length and acrophase or zenith of expression for each
CCRP gene over the 24-h period [21].

Results

Uterine weight analyses

To confirm that ovariectomy resulted in ovarian hormone
deficiency after 14 days, the uteri of sham operated and OVX

cohorts (n=18) were weighed. The mean sham operated
uterine weight (0.75±0.043 g) was significantly (p=0.00007)
greater than that of the OVX cohort (0.020±0.013 g).

Physical activity measures

Physical activity provides a well-established physiological
measure of circadian rhythms in rodent models. Furthermore,
ovariectomy in rodents has been found to reduce physical
activity as measured by wheel running [14]. Consistent with
these observations, under conditions of 12-h light:12-h dark-
ness, mice in the sham operated cohort displayed a robust
periodic wheel running activity over the 24-h period that
exceeded that of the OVX cohort by 4.95-fold (n=3 animals,
mean of n=6 consecutive days) (Fig. 1a). In both cohorts,
the majority of the wheel-running activity occurred immedi-
ately prior to and during the lights-off period (Fig. 1b);
minimal wheel running activity occurred during the lights-on
period.

μCT analyses and biomechanical testing

By 14 days of post surgery, the OVX cohort experienced a
17.8% and 14.4% decrease (p<0.05) in trabecular bone
volume at the proximal tibial metaphysis and vertebral
body, respectively. The trabecular thickness (Tb.Th) in the
tibial metaphysis was significantly reduced (Sham=33.3±
0.4 μm vs OVX=30.6±0.4 0 μm; p<0.01), but the
alterations in Tb.Th in the vertebra and trabecular number
at both skeletal sites did not reach statistical significance (p
<0.10). No significant changes in trabecular separation (Tb.
Sp) occurred at either site. Loss of trabecular bone in the
vertebral and tibial metaphyseal regions in the OVX animals
was characterized by a decrease in the density (tibia, Sham=
853.8±4.8 mg/cm3 vs OVX=838.9±4.2 mg/cm3; vertebra,
Sham=831.5±4.6 mg/cm3 vs OVX=820.8±2.1 mg/cm3; p<
0.05) and a higher mean structure model index (tibia, Sham=
2.04±0.09 vs OVX=2.35+0.03; vertebra, Sham=0.99+0.09
vs OVX=1.25+0.05; p<0.05), indicating that the trabecular
bone microarchitecture has been compromised to a more rod-
like structure. No alterations in cortical bone parameters at the
tibial midshaft were observed (data not show). The OVX-
induced alterations in the trabecular microstructure at the
proximal tibial metaphysis, but not in the vertebral body,

Fig. 3 Diurnal analysis of osteoblast-associated mRNA expression.
The expression profile of mRNA encoding the osteoblast-associated
genes in the a femur and b lumbar vertebra of sham-operated (square)
and OVX (diamond) mice was determined by RT-PCR using total
RNA pooled from n=3 mice per time point (ZT h). The mRNA levels
of Alpl, Ibsp, OPG, RANKL, and Runx2 were normalized at the
individual time points relative to the housekeeping controls 18S RNA,
β-actin, β2-microglobulin, and cyclophilin B. Values displayed are the
mean±SD
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produced a 52% decrease in total compressive force
and stiffness.

CCRP gene expression profiles in the femora and lumbar
vertebra

The expression profile of the genes encoding the CCRP
(Fig. 2) was monitored over time in total RNA isolated
from the marrow-flushed femora and the marrow-
containing lumbar vertebra of the sham-operated and
OVX mice. The genes encoding the positive arm of the
CCRP (Clock, Bmal1) in the femur of sham-operated mice
displayed acrophase at ∼16:00 and 18:30, respectively, and
were ∼4–7 h out of phase relative to genes encoding the
negative arm of the CCRP (Cry2, Per 3) (∼11:00) (Fig. 2a).
Downstream targets of the CCRP, including DBP, Rev-erb
α, and E4PB4 displayed oscillatory expression profiles. In
all cases except Per 3, the CCRP gene expression profiles
in the OVX mice were attenuated relative to the controls.
Furthermore, the acrophase for several genes (Bmal1,
Clock, E4BP4) was phase delayed in the OVX cohort
while the other genes (Cry2, DBP, Rev-erb α) were phase
advanced. The absolute phase shift following OVX across
all CCRP genes in the femur was 5.4±3.0 h. The CCRP
profile in the lumbar vertebra of the sham-operated mice
was distinct from that of the femur; the timing of the
acrophase for individual genes differed and, in the case of
the control Clock, Cosinor analysis did not reveal a
statistically significant distinct circadian oscillatory pattern
(Fig. 2b). However, like the femur, the expression levels of
the CCRP genes in the OVX vertebra were attenuated
relative to the controls and displayed a phase delay for Per
3 of ∼3 h and a phase advance of ∼1–4 h for Bmal1 and
DBP. It is possible that hematopoietic cells present in the
vertebra as compared to the marrow-flushed femur may
contribute to differences observed in the CCRP gene
expression profiles in these two bone depots.

Osteoblast biomarker gene expression profiles
in the femora and lumbar vertebra

The circadian expression profile of genes encoding the
osteoblast biomarkers alkaline phosphatase (Alpl), bone
siaoloprotein (Ibsp), osteoprotegerin (OPG), receptor acti-
vator of NF-κB ligand (RANKL), and Runx2 were
monitored in marrow-flushed femora (Fig. 3a) and
marrow-containing lumbar vertebral bodies (Fig. 3b) of
sham and OVX mice. In the femur of sham operated mice,
all osteoblast biomarkers displayed a dynamic circadian
oscillation. With the exception of Runx2, the expression
profile of the osteoblast biomarkers was attenuated in the
OVX femora relative to the sham operated controls. In
contrast, the majority of osteoblast biomarkers in the

lumbar vertebra did not display as robust a circadian
amplitude oscillation in either the sham and/or OVX
cohorts; the exceptions were OPG and RANKL (Fig. 3b).

Discussion

The current data shows that mice with ovarian hormone
deficiency disrupted diurnal rhythmicity and CCRP expres-
sion in bone. This suggests that estrogen and nuclear
hormone receptors interact with the CCRP and circadian
mechanisms to alter BMSC differentiation. There is reason
to postulate that CCRP genes contribute to BMSC lineage
commitment [2] and the putative inverse relationship
between the adipocyte and osteoblast lineages [11] since
adipogenesis is associated with increased expression of
Bmal1 and Rev-erb α mRNAs [22]. Consistent with this
observation, embryonic fibroblasts isolated from Bmal1-/-

mice fail to form adipocytes unless rescued by Bmal1-
expressing adenoviral transduction [23]. In 3T3-L1 pre-
adipocytes, down regulation of Bmal1 inhibited adipo-
genesis [23]. While this growing body of literature suggests
that circadian mechanisms regulate BMSC differentiation,
further studies will be necessary to determine if chronobiology
can serve as a novel clinical mechanism and target for
osteoporosis therapeutic interventions.
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