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Abstract

The cause of bone loss in postmenopausal osteoporosis-de-
creased bone formation or increased bone resorption-is contro-
versial. Synthesis of bone-Gla protein (BGP), a specific osteo-
blast product, is stimulated by 1,25-dihydroxyvitamin D3
11,25(OH)2D1 in vitro. Thus, increases in serum BGPlevels dur-
ing 1,25(OH)2D administration might provide a useful dynamic
index of osteoblast function. Wecompared 14 postmenopausal
osteoporotic women with 12 age-matched postmenopausal nor-
mal womenbefore and during 6 d of 1,25(OH)2D administration
(2.0 ,ug/d). Serum BGPlevels were similar at baseline and in-
creased during treatment in both groups (P < 0.001). However,
trend analysis showed a greater (P < 0.01) increase in the os-

teoporotic women. These data do not support the hypothesis
that defective osteoblast function is the major cause of bone loss
in postmenopausal osteoporosis.

Introduction

The mechanism of bone loss in postmenopausal osteoporosis is
controversial. Data have been reported supporting increased
bone resorption or decreased bone formation or a combination
of both processes. Combined kinetic and calcium balance data
strongly suggest that overall bone turnover increases after
menopause but resorption increases more than formation (1).
Most radiocalcium kinetic studies have found normal accretion
rates in postmenopausal osteoporosis despite decreased bone
mass (2); however, Reeve et al. (3) reported that, among 21
patients with idiopathic osteoporosis, there was an inverse cor-

relation between negative calcium balance and rates of bone
accretion (assessed by long-term retention of 85Sr). Jowsey (4)
and Nordin et al. (5) found that patients with postmenopausal
osteoporosis had significant increases in resorption surfaces in
iliac crest, and Wuet al. (6) reported an increase in the derived
value for resorption rate in the rib. Bone histomorphometric
studies using tetracycline double labeling have found high, nor-

mal, or low rates of bone turnover in iliac crest biopsy samples
(7-9). Moreover, Darby and Meunier (10) reported decreased
mean wall thickness of trabecular bone packets in iliac crest
biopsy samples from womenwith postmenopausal osteoporosis,
which suggests a decrease in bone formation at the cellular level.
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An alternative way to study this problem is to measure bone-
specific biochemical markers for bone turnover. Bone-Gla pro-
tein (BGP),' also called "osteocalcin," a 49-residue peptide con-
taining three residues of the vitamin K-dependent amino acid
'y-carboxyglutamic acid (1 1, 12), is a unique osteoblast product
(13, 14). Radioimmunoassay of BGPin plasma has been found
to be a sensitive test for bone turnover in patients with various
metabolic bone diseases (15). In postmenopausal osteoporosis,
serum BGPhas been reported to be increased (15, 16) or normal
(17, 18).

In contrast to many metabolic bone diseases, in osteoporosis
the mean levels of bone turnover do not deviate greatly from
normal, and there is a large overlap of individual values (7-9).
Wereasoned that a stimulation test for an osteoblast product
might provide greater discrimination between normal and os-
teoporotic subjects than would be possible with static measure-
ments of circulating levels. Osteoblasts contain receptors of
the active vitamin D metabolite 1,25-dihydroxyvitamin D
[1,25(OH)2D] (19), and BGPsynthesis by osteoblast-like cells
in vitro is stimulated by 1,25(OH)2D (20). Increases in serum
BGPafter 1 ,25(OH)2D treatment have been described by Gund-
berg et al. (21) in inherited rickets and by Pak et al. (22) in
postmenopausal osteoporosis. Thus, if the hypothesis that post-
menopausal osteoporosis is mainly caused by osteoblast atrophy
is correct, the increases in serum BGPduring 1,25(OH)2D ad-
ministration should be less in osteoporotic than in nonosteo-
porotic postmenopausal women.

Methods

Subjects. The protocol for this study was reviewed and approved by the
Mayo Institutional Review Board. All subjects gave their informed con-
sent.

Westudied 12 postmenopausal normal women and 14 postmeno-
pausal womenwith osteoporosis; their mean (±SE) ages were 64±2 and
64±2 yr, respectively. All subjects were ambulatory. None was taking a
drug known to affect calcium metabolism, had any evident disease known
to be associated with bone disease, or abnormal hepatic function. All
normal subjects had bone density values, assessed by dual-photon ab-
sorptiometry (23), that were within the age-adjusted normal range, and
no vertebral fractures were seen on radiographs of the lumbar and thoracic
spinal column. Patients with postmenopausal osteoporosis had one or
more vertebral compression fractures, and lumbar spine densitometry
gave values below the fracture threshold (23). None of the osteoporotic
patients was receiving treatment for osteoporosis.

The patients were studied for 7 d in a metabolic ward. After a baseline
day (day 0), the subjects received 1,25(OH)2D3 (Rocaltrol; Roche Labo-
ratories, Nutley, NJ) in a dosage of 0.5 ug four times daily (2.0 Ag/d)
during the subsequent 6 d (days 1 through 6). Fasting-state blood samples
were obtained at 0800 h for determinations of serum levels of BGP,

1. Abbreviations used in this paper: BGP, bone-Gla protein; GF, glo-
merular filtration; 1,25(0H1)D, 1,25-hydroxyvitamin D.
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Table I. Descriptive Characteristics of Experimental Subjects*

Postmenopausal Postmenopausal
Variable normal women osteoporotic women P

Age (yr) 64±7 64±8 NS
Height (cm) 163±6 157±7 NS
Weight (kg) 68±14 57±12 <0.05
Surface area (m2) 1.73±0.16 1.56±0.16 <0.05
GFR(ml/min per 1.73 m2) 90±14 82±20 NS

* Data are given as mean±SD.

calcium, alkaline phosphatase, and 1,25(OH)2D. Daily urine samples
were collected for determinations of calcium and hydroxyproline. Glo-
merular filtration rate (GFR) was assessed by creatinine clearance.

Basal levels of serum variables were computed by averaging values
at the beginning and end of day 0 (immediately before 1,25(OH)2D
treatment began). During 1,25(OH)2D treatment, all measurements were
made on daily samples except for creatine clearance, which was measured
at day 6, and serum vitamin D metabolites, which were measured on
pooled serum from days 5 and 6.

Laboratory methods. Serum BGPwas measured as described (24).
The assay uses antiserum (R-102M; at a final dilution of 1:20,000) raised
in rabbits against bovine BGPand homogeneous bovine BGPfor standard
and tracer. Antibody-bound and free 1251I-labeled BGPare separated by
the double-antibody method. Both the intraassay and interassay variations
of the assay typically were < 10%. The sensitivity of the assay is 0.1 ng
of bovine BGPper tube, and the concentration of BGPcan be measured
in > 99% of normal subjects. Previous studies have shown that purified
bovine BGPand human BGPdisplace BGPtracer from antibody with
equal effectiveness. Weverified that the presence of BGPin human serum
causes the displacement of tracer from our antibody by demonstrating
that standard curves obtained with bovine BGPand normal human
serum samples were strictly parallel.

Serum and urine calcium were measured by atomic absorption spec-
trometry. Serum alkaline phosphatase was measured spectrophotomet-
rically with p-nitrophenylphosphate substrate (Sigma Chemical Co., St.
Louis, MO). Determinations of total alkaline phosphatase were performed
in duplicate on all samples; the coefficient of variation was < 10%. Serum
and urine creatinine were measured by standard automated techniques.
Urine hydroxyproline was measured by the method of Kivirikko et al.
(25). Serum 25-hydroxyvitamin Dwas measured by the method of Eis-
man et al. (26). Serum 1,25(OH)2D was measured by a modification of
the method of Eisman et al. (27) as described by Kumar et al. (28).

Data analysis. Baseline variables were compared by two-tailed t tests.
During 1,25(OH)2D administration, logarithmic transformation of re-
sponse variables was used when necessary to stabilize variances between
groups and across time. Changes in serum BGPand other response vari-
ables over time were assessed by growth curve analysis (29). The growth
curve analysis summarizes the values for each response variable measured
on days 1 through 6 for each subject in terms of trends over time. These
trends were represented in this case by mean, linear, and quadratic coef-
ficients. Thus, instead of six values for each response variable (e.g., BGP
on days 1 to 6), each subject's response on a particular variable was
summarized in terms of three trend coefficients. These three coefficients
were then compared between groups using one-way multivariate analysis
of covariance. This analysis simultaneously compared the three trends
after adjusting for differences between groups in the covariates. The
covariates in this analysis were weight, body surface area, GFR, baseline
serum level of the response variable, and increment in serum level of
1,25(OH)2D between baseline and day 6. The ability of the three coef-
ficients to adequately summarize the six daily values for individual sub-
jects was assessed by testing whether the three trends were sufficient
relative to requiring higher degree terms (29). This test failed to detect
departures from the assumed (three trend) model.

Results

Descriptive characteristics of the experimental subjects are given
in Table I. Baseline and response variables (summarized as 3-d

Table II. Serum Variables at Baseline and during 1,25(OH)2D Administration

Postmenopausal women
(mean±SE) Pt

Variable Day* Normal Osteoporotic A B C D

BGP(ng/ml) BL 8.7±0.6 8.7±0.4 NS <0.001 <0.001 <0.05
1-3 9.9±0.6 10.2±0.4
4-6 10.0±0.7 11.0±0.4

Alkaline phosphatase (U/liter) BL 100±5 114±9 NS§ NS NS NS
1-3 100±6 112±8
4-6 98±5 114±8

Calcium (mg/dI) BL 9.6±0.1 9.5±0.1 NS NS NS NS
1-3 9.7±0.1 9.6±0.1
4-6 9.7±0.1 9.7±0.1

25-Hydroxyvitamin D (ng/ml) BL 20.5±3.0 20.3±2.4 NS NS NS NS"
5-6 25.2±2.7 21.6±2.0

1,25(OH)2D (pg/ml) BL 42±4 42±6 NS <0.05 <0.001 NS"
5-6 61±7 76±10

* Day of study: BL, baseline; 1-3, mean of values for first 3 d of 1,25(OH)2D administration; 4-6, mean of final 3 d; 5-6, days 5-6. tA, For
difference between groups in baseline values; B, for difference between baseline value and mean value during 1,25(OH)2D administration in the
normal postmenopausal women; C, for difference between baseline value and mean value during 1,25(OH)2D administration in the osteoporotic
postmenopausal women; D, for difference in trends between groups during 1,25(OH)2D administration. I Logarithmic transformation used for
analysis. 11 Difference assessed by paired t test because multiple values were not available.
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Table III. Urine Variables at Baseline and during 1,25(OH)2D Administration

Postmenopausal women
(mean±SE) Pt

Vanable Day* Normal Osteoporotic A B C D

Hydroxyproline (gg/24 h per 100 ml GF) BL 19±2 25±3 NS <0.01 <0.05 NS
1-3 22±2 26±2
4-6 24±2 28±2

Calcium (mg/24 h) BL 97±11 84±9 NS§ <0.0011 <0.001§ NS§
1-3 145±10 171±15
4-6 200±11 232±18

Creatinine clearance (ml/min per 1. 73 m2) BL 90±4 82±5 NS NS NS NS
6 85±4 91±5

* Day of study: BL, baseline; 1-3, mean of values for first 3 d of 1,25(OH)2D administration; 4-6, mean of final 3 d. t A, For difference between
groups in baseline values; B, for difference between baseline value and mean value during 1,25(OH)2D administration in the normal postmeno-
pausal women; C, for difference between baseline value and mean value during 1,25(OH)2D administration in the osteoporotic postmenopausal
women; D, for difference in trends between groups during 1,25(OH)2D administration. I Logarithmic transformation used for analysis.

pooled means) are given in Table II for serum measurements
and in Table III for urine measurements. The increase over
baseline of daily values for serum BGPis shown in Fig. 1. The
relationship between the increase in levels of serum 1,25(OH)2D
and the increase in levels of serum BGPfor individual subjects
is given in Fig. 2. Even adjusting for differences in serum
1,25(OH)2D, the increase in serum BGPwas greater in the os-
teoporotic subjects. There were no differences between groups
in any variable at baseline. During 1,25(OH)2D stimulation,
multivariate analysis of serum values of BGPshowed a difference
in trends (P < 0.01) between the normal and osteoporotic groups
of postmenopausal women. This was mainly due to linear trends
for the two groups with the osteoporotic group having a greater
increase after adjustment for covariates (P < 0.05). There was
no significant difference in the other response variables, including
serum I,25(OH)2D, between the two groups.

Discussion

The mean basal value for serum BGPin this group of 14 osteo-
porotic womenwas only slightly less than we found in a previous
study (16) involving 62 osteoporotic women. Thus, we believe
that our study subjects were representative of patients with post-
menopausal osteoporosis and did not contain an excessive pro-
portion of patients with high bone turnover.

After 1,25(OH)2D administration, serum BGPincreased in
both the normal and osteoporotic groups. The most likely
mechanism for this was increased synthesis of BGPby osteo-
blasts. There is strong evidence that, in the absence of renal
failure, circulating BGPreflects bone formation, not bone re-
sorption (18, 30-33). Although there was an increase in urinary
hydroxyproline of 12-25% during 1,25(OH)2D3 administration,
a small increase in bone resorption rate should not have increased
serum BGP. Riggs et al. (34) induced an acute increase in bone
resorption by a 24-h infusion of the synthetic 1-34 fragment of
parathyroid hormone; despite an 80% increase in urinary hy-
droxyproline, serum BGPdecreased significantly. Presumably
BGPin bone matrix is degraded into fiagments that are not
recognized by our antiserum. The theoretic possibility that

1,25(OH)2D administration decreased plasma clearance of BGP
seems very unlikely.

The increase in serum BGPduring 1,25(0H1)D administra-
tion was significantly greater in the osteoporotic than in the nor-
mal postmenopausal women. This difference remained statis-
tically significant after adjustment for important covariates. This
is strong evidence against the hypothesis that bone loss in post-
menopausal osteoporosis results from osteoblast atrophy. If this
hypothesis were correct, the stimulated response in the osteo-
porotic womenshould have been blunted, whereas the opposite
was observed.

These findings differ from those reported on the basis of
histomorphometric studies; the latter have shown that - 30%
of patients with postmenopausal osteoporosis have low turnover
in trabecular bone in the iliac crest (7-9). This discrepancy cannot
be resolved at present. It has been suggested that the low turnover
state in postmenopausal osteoporotic patients may represent the
end stage of a previous period of bone loss associated with higher
turnover (35, 36). Because trabecular bone of the axial skeleton
is more active metabolically, it is possible that it reaches this
end stage before the predominately cortical bone in the remain-
der of the skeleton. If so, increased remodeling in cortical bone
could account for the increased response to 1,25(OH)2D stim-
ulation, which affects BGPsynthesis by the entire skeleton. This

2.8

2.4 -

2.0 -

A BGP, 1.6 _
ng/ ml -

1.2-

0.8

0.4

0 1 2 3 4 5 6
Days of 1,25(OH)2D administration

Figure 1. Incremental change in serum BGP(mean±SE) over baseline
during 1,25(OH)2D administration in postmenopausal normal women
(solid circles) and postmenopausal osteoporotic women (open circles).
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would offset the decreased bone remodeling in some
patients that may be mainly confined to trabecular
axial skeleton.

Serum BGP levels increased during 1,25(OH)
tration, but serum alkaline phosphatase levels did
Although we cannot exclude offsetting changes it
enzymes of alkaline phosphatase, this seems unlike
sociated responses of these osteoblast products to
administration suggests either that two populations c
exist or that osteoblasts respond differently in varie
maturation. Further studies will be needed to ev
possibilities.

Stimulation tests are commonly used to assess
capacity of endocrine tissue and may give abnormal
when basal levels of hormones are normal. The res
obtained in this study encourage us to believe that tl
also may be useful in evaluating patients who ha)
bone disorders. As more products specific for bl
found, and as the factors that regulate their synthe
tified, stimulation tests for bone cell function shc
more sophisticated.
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