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Abstract. Osteoprotegerin (OPG) is a potent antiresorp-
tive molecule that binds the final effector for osteo-
clastogenesis, receptor activator of NF-«B ligand
(RANK-L). OPG production is regulated by a number
of cytokines and hormones, including sex steroids, but
there are few data on age and gender effects on
circulating serum OPG levels, as well as possible
relationships between OPG levels and bone turnover
markers or bone mineral density (BMD). Thus, we
measured serum OPG levels in an age-stratified, random
sample of men (n = 346 age range, 23-90 years) and
women (n = 304; age range 21-93 years) and related
them to sex steroid levels, bone turnover markers and
BMD. Serum OPG levels increased with age in both men
(R =0.39, p<0.001) and women (R = 0.18, p<0.01).
Premenopausal women had higher OPG levels than men
under age 50 years (171 £ 6 pg/ml vs 134 £ 6 pg/ml,
respectively, p <0.001), whereas serum OPG levels were
no different in postmenopausal women compared with
men = 50 years (195 = 7 pg/ml vs 188 + 7 pg/ml,
respectively, p = 0.179). OPG levels correlated inversely
with serum bioavailable testosterone levels in men = 50
years (R = —0.27, p<0.001), but no associations were
present with either estrogen or testosterone levels in the
women. In the men, there was a trend for OPG levels to
be associated positively with bone resorption markers
and inversely with BMD. Collectively, the gender
difference in OPG levels suggests that sex steroids
may regulate OPG production in vivo, as has been found
in vitro. Moreover, OPG production may also rise with
increases in bone turnover, probably as a homeostatic
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mechanism to limit bone loss. Further studies directly
testing these hypotheses should provide additional
insights into the potential role of OPG in bone loss
related to aging and sex steroid deficiency.
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Introduction

Osteoprotegerin (OPG) is a soluble decoy receptor that
binds what appears to be the final effector molecule for
osteoclastogenesis, receptor activator of NF-kB ligand
(RANK-L) [1,2]. It is one of the most potent
antiresorptive agents known, since transgenic mice
overexpressing OPG have profound osteosclerosis and
a virtual absence of osteoclasts [3] and, conversely, OPG
knockout mice have marked osteopenia and increased
numbers of osteoclasts [4,5]. OPG production by
osteoblastic cells is regulated by a number of cytokines
and hormones, including sex steroids [6]. Thus, several
studies have found that estrogen (E) increases OPG
production [7,8], whereas testosterone (T) tends to
inhibit OPG mRNA and protein levels in osteoblastic
cells [9].

OPG is also present in the circulation in detectable if
low amounts, although the skeletal versus nonskeletal
contributions to circulating OPG levels are unclear at
this point [10,11]. In addition, recombinant OPG has
been found to be rapidly cleared from the blood in rats
[12], perhaps due to the heparin binding nature of OPG
[13], and thus clearance rate may be a significant
determinant of circulating levels. Nonetheless, it is of
interest to characterize possible gender and age effects
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on circulating OPG levels and to relate OPG levels to
bone mineral density (BMD) and bone turnover markers,
since this may provide potential insights into the role of
OPG in bone loss related to sex steroid deficiency and
aging. Thus, in the present study, we measured serum
OPG levels in a well-characterized cohort of men and
women and examined potential relationships between
circulating OPG and sex steroid levels as well as
between OPG levels and bone turnover markers and
BMD.

Subject and Methods
Study Subjects

Subjects were recruited from age-stratified random
samples of Rochester, Minnesota, men and women
selected using the medical records linkage system of the
Rochester Epidemiology Project [14]. Over half of the
Rochester population is identified annually in this system
and the majority are seen in any 3-year period. Thus, the
enumerated population approximates the underlying
population of the community, including both free-
living and institutionalized individuals. Altogether,
1138 men and 938 women aged 20 years and over
were approached, but 239 men and 126 women were
ineligible (amongst the men, 109 were demented and
could not give informed consent, 13 were radiation
workers, 91 died before contact, 25 were debilitated due
to terminal cancer, and 1 was unable to participate due to
pending legal action; amongst the women, 89 were
demented, 11 were pregnant, 9 were radiation workers, 8
were participants in an ongoing clinical trial of
osteoporosis prophylaxis, and 9 died before they could
be contacted). Of the 899 eligible men, 348 participated
and provided full study data, although 2 were excluded
from this analysis because one was on testosterone
therapy and one had inexplicably high (into the range of
premenopausal women) estradiol and estrone levels. Of
the 812 eligible women, 351 participated and provided
full study data, although 47 of the 213 postmenopausal
women were receiving estrogen replacement therapy and
were also excluded from this analysis. Thus, the total
number of subjects included in this analysis was 650
(346 men, 304 women). All but 13 men and 2 women
were Caucasian, reflecting the ethnic composition of the
population (96% white in 1990). The men ranged in age
from 23 to 90 years, and the women ranged in age from
21 to 93 years.

Study Protocol

BMD (g/cm?) was determined for the mid-distal radius,
spine (L2-L4) and femoral neck using dual-energy X-
ray absorptiometry (DXA) with the Hologic QDR2000
instrument (Hologic, Waltham, MA) using software
version 5.40. Since we did not specifically exclude

395

subjects with spinal osteoarthritis or aortic calcification,
which can confound the BMD measurement [15], we
assessed the mid-lateral instead of the anteroposterior
spine, which largely excludes these confounders from
the scanning field. The coefficients of variation (CVs)
for the radius, lateral spine and femoral neck were 1.7%,
2.1%, and 1.8%, respectively.

Fasting-state serum samples were obtained between
0800 and 0900 hours and a 24-h urine collection was
turned in. All samples were stored at —70 °C until
analyzed.

Laboratory Methods

Fasting serum samples were assayed by radioimmu-
noassay (RIA) for total testosterone (T; Diagnostic
Products, Los Angeles, CA; interassay CV = 11%),
estradiol (E,; Diagnostic Products, Los Angeles, CA;
interassay CV < 16%) and estrone (E;; Diagnostic
Systems Laboratories, Webster, TX; interassay CV =
9%). In addition, the non-SHBG-bound (bioavailable)
fraction of total T and E, was measured using a
modification of the technique of O’Connor et al. [16]
and Tremblay and Dube [17]. Briefly, tracer amounts of
*H-labeled T, E, or E; were added to serum aliquots. An
equal volume of saturated solution of ammonium sulfate
(final concentration 50%) was added to precipitate
SHBG with its bound steroid. Separation of the SHBG
fraction was done by centrifugation at 1100 g for 30 min
at 4 °C. The percentage of labeled steroid remaining in
the supernatant (the free and albumin-bound fractions)
was then calculated. The bioavailable steroid concentra-
tion was then obtained by multiplying the total steroid
concentration, as determined by RIA, by the fraction that
was non-SHBG-bound.

Bone formation was assessed by serum osteocalcin,
measured by RIA (interassay CV <6%) [18] as well as
by serum bone-specific alkaline phosphatase (BSAP)
measured by enzyme-linked immunosorbent assay [18]
(ELISA; interassay CV <11%). Bone resorption was
evaluated by measurement of 24-h urinary levels of the
N-telopeptide of type I collagen (NTx) and free
deoxypyridinoline (f-Dpd), both assessed as nanomoles
per liter of glomerular filtrate. NTx and f-Dpd were
measured by ELISA kits (Osteomark, Ostex, Seattle,
WA; interassay CV = 10%, and Pyrilinks-D, Metra
Biosystems, Mountain View, CA; interassay CV = 14%).
The glomerular filtration rate was assessed by creatinine
clearance.

Serum OPG levels were measured with an ELISA
using a mouse monoclonal antibody as capture anti-
body and a rabbit polyclonal antibody for detection
(Amgen, Thousand Oaks, CA) [3]. This assay detects
both monomeric and dimeric forms of OPG, as well as
OPG bound to RANK-L. Interassay CV is less than
15%.
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Statistical Analysis

Demographic characteristics and variables of interest
were described using appropriate summary statistics.
The Spearman rank correlation was used to relate serum
OPG levels to sex steroid levels, bone turnover markers
and BMD. The Wilcoxon rank sum test was used to
compare characteristics between two groups. Regression
models were used to compare differences in slope
between men and women (since the distribution of OPG
was non-Gaussian, the log transformation was applied
for this modeling). A p value of less than 0.05 was
considered statistically significant.

Results

Table 1 shows the characteristics of the study
population. The men over the age of 50 years showed
the expected decreases in sex steroid levels, particularly
the bioavailable fractions. In addition, BMD at the
various sites was lower in the older men compared with
the young men, and bone turnover tended to be higher.
The postmenopausal women showed, as expected,
profound decrements in sex steroid levels, with
significant reductions in BMD and increases in bone
turnover markers compared with the premenopausal
women.

Figure 1 shows the changes in serum OPG levels with
age in the men and women, respectively. Serum OPG
levels increased with age in both men and women,
although the slope of this relationship was greater in the
men compared with the women (p = 0.001 for the
difference in slope in men versus women).

Table 1. Characteristics of the study population
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Fig. 1. Serum OPG levels among age-stratified samples of Rochester,
Minnesota men (a) and women (b) as a function of age. R = 0.39,
»<0.001 and R = 0.18, p<0.01 for correlation coefficients with age
in the men and women, respectively.

Men < age 50 years

Men > age 50 years

Premenopausal women

Postmenopausal women

Age (years) 358+ 0.7 69.8 £ 0.8
Sex steroids
T (ng/dl) 537+ 14 467 + 14%*
Bio T (ng/dl) 167 £ 4 96 & 4k
E, (pg/ml) 32+1 30+ 1
E; (pg/ml) 39+1 35+ 1%
Bio E, (pg/ml) 17 £ 1 12 £ [***
Bone markers
Serum
OC (ng/ml) 6.6 £ 0.2 6.7 +0.2
BSAP (U/D) 23.5+£0.7 222 £0.6*
NTx (nmol/l) 124+ 04 13.0 £ 0.5
Urine
NTx (nmol/l GF) 2.56 £0.11 298 £0.17
Dpd (nmol/l GF) 0.38 £ 0.01 0.47 £ 0.02%%*
Bone density
Mid-radius (g/cm?) 0.68 + 0.004 0.62 + 0.006***
Mid-lateral spine (g/cm?) 0.83 £0.012 0.68 £ 0.013***
Femoral neck (g/cm?) 0.94 +£0.011 0.81 + 0.010***

35.0+0.7

40+ 1
73 +04
120 + 8
71+ 4
36 £2

49 +£0.1
174 £0.5
10.6 £ 0.4

2.18 £0.08
041 +£0.01

0.60 + 0.004
0.81 £ 0.010
0.87 £ 0.010

69.8 + 1.0

33 4 2¥**
5.9 £ 0.4**
23 4 3EEE
3D 4 Qk

7 4

6.5 £ 0.27%%*
22.3 £ 0.6%**
14.1 £ 0.5%**

3.14 £ 0.14%**
0.51 + 0.01%**

0.49 £ 0.007***
0.57 £ 0.015%**
0.68 = 0.010%***

Data are mean + SEM. p value is for comparison of the men > age 50 years versus men < age 50 years (in the men), or postmenopausal women
versus the premenopausal women (in the women). T, testosterone; Bio, bioavailable; E,, estradiol; E;, estrone; BMD, bone mineral density; OC,
osteocalcin; BSAP, bone-specific alkaline phosphatase; NTx, N-telopeptide of type I collagen; Dpd, deoxypyridinoline.

£p<0.05; **p<0.01; ***p<0.001.
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Table 2. Serum OPG levels (pg/ml) in the various groups

Men Women p value
All men All women

165+5 184 +5 <0.001
Men <50 years Premenopausal women

134+ 6 171 £ 6 <0.001
Men =50 years Postmenopausal women

188 + 7 195 +7 0.179

Data are mean + SEM.

Women had significantly higher serum OPG levels
than men, and this was entirely due to higher levels in
premenopausal women compared with young men
(Table 2). Serum OPG levels were similar in post-
menopausal women and men over the age of 50 years.

Table 3 shows the Spearman correlation coefficients
between serum OPG and sex steroid levels. OPG levels
were negatively correlated with serum total and
bioavailable T levels in the men over age 50 years,
and with bioavailable E, levels in both groups of men.
None of the sex steroids was related to OPG levels in the
women. OPG levels were positively associated with
urinary NTx and Dpd in the men over the age of 50 years
and with serum BSAP in the men under the age of 50
years (Table 3). By contrast, none of the bone turnover
markers was related to serum OPG levels in the women.
Mid-radius BMD was inversely associated with serum
OPG levels in the men, but not in the women (Table 3).
In addition, mid-lateral spine BMD was also inversely
associated with BMD in the men under the age of 50
years. We also analyzed the data by combining all the
men and women and then adjusting for age, body weight
and gender (Table 3). In this analysis, bioavailable T was
still inversely (albeit weakly) associated with serum
OPG levels, with a persistent weak but positive
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association between urinary Dpd and serum OPG.
Finally, since the distribution of serum OPG levels was
non-Gaussian (Fig. 1), we also analyzed the data using
quintiles of OPG, and found no associations between
quintiles of OPG and BMD at the various sites (data not
shown).

Discussion

We report the characterization of circulating OPG levels
in a well-defined cohort of men and women. OPG levels
were significantly higher in women compared with men,
although this was largely due to higher levels in
premenopausal women compared with men under the
age of 50 years; men aged 50 years and over and
postmenopausal women had relatively similar circulat-
ing OPG levels. In men aged 50 years and over, OPG
levels were inversely associated with serum total and
bioavailable T levels and with bioavailable E, levels,
although no association with sex steroid levels were
found in the women.

In vitro, E has been shown to increase OPG
production [7,8], whereas T and the non-aromatizable
androgen, Sa-dihydrotestosterone, appear to have the
opposite effect [9]. This may, in part, explain the lower
OPG levels in the young men compared with the
premenopausal women, as well as the negative associa-
tion with T levels in the older men. Consistent with this,
in a direct interventional study in which men were made
acutely hypogonadal and then replaced with either E or
T, or both, we have recently found that E tended to
increase and T (in the presence of an aromatase
inhibitor) to decrease circulating OPG levels [19].
Surprisingly, in the present study, serum OPG levels
were not associated with E levels in the women and, in
fact, tended to be inversely associated with E levels in
the men. The latter finding may be due to the association

Table 3. Spearman correlation coefficients between serum OPG levels and serum sex steroid levels, bone turnover markers and BMD

Men <50 years Men >50 years Premenopausal Postmenopausal All groups, adjusted for
women women age, weight and gender
Sex steroids
T (ng/dl) 0.04 —-0.16* 0.01 0.13 -0.02
Bio T (ng/dl) —-0.03 —0.27%** —-0.06 0.07 —-0.10*
E, (pg/ml) —0.10 —-0.02 0.06 0.07 0.03
E; (pg/ml) -0.14 -0.02 0.03 0.12 0.04
Bio E; (pg/ml) -0.21* —0.18* 0.02 0.03 —-0.03
Bone markers
OC (ng/ml) —-0.03 0.05 —0.11 —0.001 —0.09*
BSAP (U/l) 0.17* 0.11 —0.11 0.03 0.04
NTx (nmol/l) 0.05 0.10 —-0.02 0.05 0.01
NTx (nmol/l GF) 0.10 0.16* —0.16 0.13 0.03
Dpd (nmol/l GF) 0.10 0.26%** -0.10 0.14 0.09*
Bone density
Mid-radius (g/cm?) —0.19* —0.17* —-0.01 —-0.07 —0.07
Mid-lateral spine (g/cm?) —0.20* —0.07 —-0.01 0.04 0.02
Femoral neck (g/cm?) -0.13 —0.06 -0.09 —-0.12 0.01

*p<0.05; **%p<0.001.
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between bioavailable E, and T levels, since after
adjusting for the effects of bioavailable T, bioavailable
E, levels were no longer associated with OPG levels in
men age 50 years and over (adjusted R = —0.07, p =
0.351). However, the inverse association between
bioavailable E, and OPG persisted in the men under
the age of 50 years (adjusted R = —-0.21, p = 0.012).
Since T is aromatized locally in bone to E [20], it is
possible that the inverse association between bioavail-
able E, and OPG still reflects the association between
bioavailable T and OPG, since higher T levels would
provide more substrate for aromatization to E.

During the preparation of this manuscript, Szulc et al.
[21] reported serum OPG levels in a cohort of men and,
in contrast to our findings, found weak, positive
associations between OPG and the free T and the free
E, indices, but only after adjusting for age and body
weight. Since in our study we related OPG levels to
directly measured bioavailable T and E, levels, we
repeated the analysis using the free T and E, indices. In
this analysis, the free T index was also negatively
associated with OPG levels in the men under the age of
50 years (r=-0.17, p <0.05) as well as in the men age 50
years and over (r = —0.27, p<0.001), although these
associations were no longer significant after adjusting for
age and body weight. The free E, index in the older men
was not associated with OPG levels (» =—0.10), whereas
in the younger men a negative association persisted (r = -
0.18, p<0.05), even after adjusting for age and body
weight. The reason(s) for the different findings in the
two studies are unclear, but may relate to the different
OPG assays used, and the fact that the associations with
sex steroids we and Szulc et al. [21] found were
relatively weak, highlighting the need for direct
interventional studies [19] in assessing sex steroid
regulation of OPG in vivo in men.

In the men, OPG levels tended to be positively
associated with bone turnover markers and negatively
associated with BMD, although no such associations
were present in the women. Consistent with our findings
in the women, Browner et al. [11] did not find any
association between serum OPG levels and either BMD
or fractures in a cohort of postmenopausal women. By
contrast, Yano et al. [10] did note a positive association
between serum OPG levels and markers of bone turnover
and a negative association between OPG and BMD in
postmenopausal women, although they did not report
comparable data in men. It is of note that the assay used
by Yano et al. [10] gave significantly higher circulating
OPG levels and only detected monomeric OPG, and the
different results of these studies may reflect the
measurement of different circulating OPG species.
While not all the data are entirely consistent, due
perhaps to the limitations of assessing OPG levels in the
peripheral circulation, a plausible hypothesis is that OPG
levels may increase with increases in bone turnover,
possibly as a compensatory mechanism serving to limit
bone resorption. Consistent with this, we have recently
found that circulating OPG levels were significantly
higher in a group of osteoporotic women with high bone
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turnover compared with age-matched controls [22].
Further studies directly assessing OPG levels in the
bone microenvironment in various physiologic and
pathologic states are needed to further test this
hypothesis.

Consistent with previous reports [10,21], we also
found that serum OPG levels clearly increase with age,
although in our study this increase appeared to be larger
in men than in women. The reason(s) for this age-related
increase are unclear, and further studies assessing
whether this is due to increased OPG production or
decreased clearance with age are needed.

The OPG assay used in the present study detects both
monomeric and dimeric forms of OPG, as well as OPG
bound to RANK-L. In mammalian cell systems, dimeric
OPG is secreted in greater amounts than monomeric
OPG and is biologically more active than monomeric
OPG [23]. Since it is at present unclear what proportion
of circulating OPG is monomeric, dimeric or bound to
RANK-L [10,24], it seems reasonable to use an assay
that detects all forms of circulating OPG. Clearly,
additional studies using assays specific for each of these
forms of OPG, as well as unligated OPG, are needed to
further address this issue.

In summary, our study describes age and gender
effects on circulating OPG levels. These findings are
consistent with the hypotheses that E and T may have
opposite effects on OPG production, and that OPG
production may increase with increases in bone turnover,
perhaps as a compensatory mechanism serving to limit
bone loss. Studies directly testing these hypotheses
should provide additional insights into the possible role
of OPG in bone loss related to sex steroid deficiency and

aging.
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