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Abstract
Osteoprotegerin (OPG) serves as a soluble decoy receptor for RANKL to inhibit osteoclast formation
and activity. Hormones such as PTH and glucocorticoids have been reported to decrease OPG
concentrations, while estrogens, transforming growth factor b, related bone morphogenic factor and
thrombopoietin reportedly enhance the OPG production in the osteoblastic and bone stromal cells.
Since bone turnover shows a prominent circadian rhythm in laboratory animals and humans, with
bone resorption increasing at night, we investigated the time structure of circulating OPG
concentrations in a group of nine healthy subjects (six women and three men; in the age range of 26–
49 years). Blood samples for OPG determination were collected every 4 h for 24 h on the same day,
starting at 08:00 in the morning. Data were analyzed by inferential statistical procedures, including
the single and population-mean cosinor. A 12-h component was found to characterize serum OPG
concentrations (P = 0.038) with peak concentrations around noon and midnight. No statistically
significant circadian rhythm of OPG concentrations could be found by cosinor in our study
population. The mean 24-h OPG concentration was higher in women than in men (mean ± S.E.: 3.13
± 0.44 vs. 1.94 ± 0.26 pmol/1, Student t = 2.325, P = 0.053). Since PTH concentrations also exhibit
a bimodal pattern along the 24-h scale, PTH may be tested as a putative determinant of the observed
changes in serum concentrations of osteoprotegerin.
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1. Introduction
Bone turnover in laboratory animals and humans reportedly undergoes a circadian rhythm,
with bone resorption and, to a lesser extent, bone formation increasing at night [1-3]. Such
rhythms have clinical implications for the timing of sample collection and for the assessment
of a given therapeutic intervention. Recently, osteoprotegerin (OPG), a secreted member of
the tumor necrosis factor receptor (TNFR) super-family, has been identified as an osteoblast-
derived coordinator of bone resorption and bone mass and has been implicated in the
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pathogenesis of postmenopausal osteoporosis and other metabolic bone diseases [4,5]. OPG
acts by neutralizing the receptor activator of nuclear-kB ligand (RANKL), an essential cytokine
required for osteoclast formation and action [6]. OPG is synthesized as a propeptide of which
the signal peptide is cleaved, thus generating the mature peptide. In contrast to all other TNFR
super-family members, OPG lacks transmembrane and cytoplasmatic domains and is secreted
as a soluble protein into the blood stream, where it can be detected. We here investigate any
variation in serum OPG concentrations in clinically healthy subjects maintained in a carefully
standardized environment. We do so time-microscopically to ask whether this potent inhibitor
of osteoclast formation is secreted according to a periodic pattern, and, if so, to determine what
its pattern may be.

2. Subjects and methods
Our study population included nine subjects (six women and three men; mean age: 32.5 ± 7.8
years; range: 26–49 years). All subjects were hospitalized in our Internal Medicine Unit where
the blood samples were obtained under standardized conditions. Domestic lights were turned
off from 22:00 to 07:00. Meals were served at 08:00, 13:00 and 19:30 and were consumed
within 30 min. Subjects were free to ambulate (sitting or walking) from 07:00 to 22:00 and
were recumbent from 22:00 to 07:00 (sleeping hours), except to urinate. The medical history,
physical examination and a general laboratory screening, including hematological and
biochemical tests gave no indication of specific organ dysfunction. Subjects were not under
the influence of bone active medication, including estro-progestin in any form. None of the
subjects was a nightshift worker and/or recently traveled across several time zones. On April
28, 2004, blood samples for OPG determination were drawn every 4 h for 24 h starting at 08:00
in the morning, just before breakfast. Thus, each subject provided data at six timepoints.

Sera were separated through centrifugation at 3000 rpm for 15 min. and frozen at −20 °C until
determination. OPG serum concentrations were determined using a highly sensitive
commercial sandwich enzyme immunoassay provided by Immunodiagnostic (Bensheim,
Germany). Measurements were performed in undiluted samples according to the
manufacturer's instructions. The lower limit of detection of this assay is 0.14 pmol/1. The intra-
assay (n = 16) coefficient of variation is <10% and the inter-assay (n = 16) is < 10%. All subjects
gave written informed consent prior to inclusion in the study.

Each data series, expressed in original units or as a percentage of the arithmetic mean, was
analyzed by single cosinor [7,8], using 24 and 12 h as trial periods. Estimates were thus obtained
for the Midline Estimating Statistic Of Rhythm (MESOR), a chronome-adjusted mean value,
and for each component for its double amplitude, a measure of the predictable extent of change
within a cycle, and for its acrophase, a measure of the timing of overall high values recurring
in each cycle. The acrophase was expressed in negative degrees, with 360 ° equated to the
period length (24 or 12 h) and 0 ° (the reference time) set to local midnight.

Circadian and circasemidian rhythm parameters were further summarized by population-mean
cosinor [7,8]. Statistical significance was determined by the zero-amplitude (no-rhythm) test.
Statistical significance was considered at a value of P < 0.05. The Student's t-test was used to
compare results from men and women. One-way analyses of variance (ANOVA) were used to
test the equality of timepoint means.

3. Results
On an individual basis, with only six samples, a 24 or 12-h component cannot be detected with
statistical significance. On a group basis, analysis of the data expressed in original units fails
to detect a circadian rhythm, either by one-way ANOVA testing the equality of timepoint means
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(F = 0.104, P = 0.991) or by cosinor (P = 0.704). Cosinor analysis, however, detects a
statistically significant 12-h component (P = 0.038). Because large inter-individual variation
characterizes OPG concentrations, analyses were repeated after expressing the data as a
percentage of each time series' mean value. A time effect is thereby detected by one-way
ANOVA (F = 3.061, P = 0.018). Cosinor analysis confirms the presence of a 12-h component
(P = 0.035) accounting for 53% of the total variation, on the average. The extent of predictable
change averages 9.35% of the mean, with peaks around noon and midnight, Fig. 1.

On the average, the MESOR of serum OPG was 2.74 ± 0.65 pmol/1. Part of the inter-individual
variation is accounted for by a difference between men and women, women having higher
OPG concentrations than men (MESOR: 3.13 ± 0.04 vs. 1.94 ± 0.26pmol/1; Student t = 2.325,
P = 0.053 two-tailed). Although the sample size is too small to rigorously assess the circadian
variation of circulating OPG separately for men and women, such analysis confirms the
circasemidian variation in women (original units: P = 0.021; % of mean: P = 0.016), but finds
the circadian component more prominent than the circasemidian one in men, without reaching
statistical significance, however (original units: P = 0.054; % of mean: P = 0.113).

4. Discussion
A Medline search did not find any publication examining the circadian pattern of serum OPG
concentrations in clinical health. Only one abstract [9] reported a circadian rhythm in OPG and
PTH by cosinor (P < 0.001) in eight volunteers with a mean age of 56 ± 7 years, older than the
subjects examined herein. On the basis of hourly peripheral blood sampling, these investigators
reported the circadian rhythms of OPG and PTH to be out of phase, concluding that a decrease
in OPG in response to increasing PTH may result in increased bone resorption by osteoclasts
[9]. Our results based on sparser sampling show a bimodal variation along the 24-h scale
instead. Further work is indicated with groups of different ages in order to understand the
reasons for the discrepancy and to obtain information about specific features of the distribution
volume and clearance of OPG that might account for the observed changes in its serum
concentrations.

Regarding the production of OPG, hormones, cytokines and humoral factors produced in
distant organs can also influence the RANKL/OPG expression within bone cells. In particular,
hormones such as PTH [10] and glucocorticoids [11,12] have been reported to decrease OPG
concentrations while anabolic agents such as estrogens, transforming growth factor β, related
bone morphogenic factor and thrombopoietin [13-16] have been shown to enhance the OPG
production in the osteoblastic and bone stromal cells. Recent studies [17-19] have described a
bimodal pattern for the variation along the 24-h scale of circulating PTH, with a major peak
during the night and a secondary peak in the late afternoon. Because of the negative influence
of PTH on OPG production, it seems likely that this secretory pattern could contribute to the
observed nadirs of OPG concentrations, respectively, during the late afternoon and the hours
before awakening. As noted earlier, however, the majority of studies have revealed that the
biochemical markers of bone resorption and bone formation show a circadian rhythm with a
peak during the night and a nadir during the afternoon, but without any statistically significant
ultradian variation, suggesting that the bimodal pattern of serum OPG concentrations observed
herein could also be related to different stimuli.

When considering circulating OPG measurements, it should kept in mind that this receptor is
produced by many tissues including the lung, kidney, heart, liver, stomach, brain, spinal cord
and thyroid gland. Circulating concentrations may reflect the production by a number of
different tissues [4,20]. Thus, it would appear likely that the observed circasemidian change
in serum OPG observed herein may be related to the different contributions by different tissues
to its circulating concentrations. Finally, because of the extra skeletal production of OPG, it
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seems likely that our measurements of OPG serum concentrations may have under- or over-
estimated the changes in local OPG production within the confines of bone. These limitations,
however, are inherent to all studies that would assess circulating concentrations of paracrine
agents.

Other investigators report a steady increase in OPG with age in both genders without a gender
difference [21]. The difference between men and women observed herein may have been a
chance finding related to the small sample size. From a methodologic viewpoint, the inter-
individual variation, whether related in part to a gender difference or not, likely obscured the
circadian/circasemidian pattern of circulating OPG. Rhythmicity was uncovered by expressing
the data as a percentage of each subject's mean value. Such a simple data transformation to
enhance variability patterns within the normal range had been advocated as early as 1953
[22].
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Fig. 1.
Circasemidian pattern of serum osteoprotegerin concentration expressed as a percentage of
each series' mean value. Means and standard errors from nine healthy subjects at each time
point, 4 h apart for 24 h are shown along with the 12-h cosine curve derived by population-
mean cosinor. The rest and/or sleep span is shown on the horizontal scale by the dark bars.
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