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ABSTRACT
Background: The skeletal protein osteocalcin is c-carboxylated
by vitamin K. High serum uncarboxylated osteocalcin reflects low
vitamin K status. In vitro and animal studies indicate that high
uncarboxylated osteocalcin is associated with reduced insulin re-
sistance. However, associations between osteocalcin and measures
of insulin resistance in humans are less clear.
Objective: Our aim was to examine cross-sectional and longitudi-
nal associations between circulating forms of osteocalcin (total,
uncarboxylated, and carboxylated) and insulin resistance in older
men and women.
Design: Cross-sectional associations between serum measures of
total osteocalcin, carboxylated osteocalcin, and uncarboxylated os-
teocalcin and insulin resistance were examined in 348 nondiabetic
men and women (mean age: 68 y; 58% female) by using the ho-
meostasis model assessment of insulin resistance (HOMA-IR). As-
sociations between each form of osteocalcin at baseline and 3-y
change in HOMA-IR were examined in 162 adults (mean age: 69
y; 63% female) who did not receive vitamin K supplementation.
Results: Lower circulating uncarboxylated osteocalcin was not as-
sociated with higher HOMA-IR at baseline or at 3-y follow-up.
Those in the lowest tertiles of total osteocalcin and carboxylated
osteocalcin at baseline had higher baseline HOMA-IR (P = 0.006
and P = 0.02, respectively). The concentration of carboxylated os-
teocalcin at baseline was inversely associated with a 3-y change in
HOMA-IR (P = 0.002).
Conclusions: In older adults, circulating uncarboxylated osteocal-
cin was not associated with insulin resistance. In contrast, elevated
carboxylated osteocalcin and total osteocalcin were associated with
lower insulin resistance, which supports a potential link between
skeletal physiology and insulin resistance in humans. The role of
vitamin K status in this association remains unclear and merits
further investigation. This trial is registered at clinicaltrials.gov as
NCT00183001. Am J Clin Nutr 2009;90:1230–5.

INTRODUCTION

Osteocalcin, an abundant noncollagenous protein in bone, may
function as a hormone in the regulation of energy metabolism (1,
2). Osteocalcin, which is synthesized by osteoblasts during bone
formation, undergoes a posttranslational vitamin K–dependent
modification in which 3 glutamic acid residues are carboxylated,
which thereby allows the protein to bind calcium. The circulating
measure of total osteocalcin, which includes both carboxylated
and uncarboxylated forms, is used as a biomarker of bone for-

mation, whereas the percentage of osteocalcin that is uncar-
boxylated is a measure of the vitamin K status of bone. Serum
percentage uncarboxylated osteocalcin increases in response to
vitamin K depletion and decreases in response to vitamin K
supplementation (3).

Osteocalcin has been reported to influence b cell function,
insulin sensitivity, adiponectin production, energy expenditure,
and adiposity in animal models (1, 2). In humans, serum os-
teocalcin is inversely associated with measures of insulin re-
sistance and fat mass and positively associated with adiponectin
(4–7). It has been suggested that osteocalcin regulates insulin
sensitivity through an effect on adiponectin rather than through
a direct effect on insulin (2). Animal and in vitro data suggest
that only the uncarboxylated form of osteocalcin functions
hormonally in the regulation of glucose homeostasis and energy
metabolism (1, 2). This would imply that poor vitamin K status
reduces insulin resistance through an increase in the portion of
osteocalcin that is not c-carboxylated. However, vitamin K
supplementation for 3 y decreased percentage uncarboxylated
osteocalcin and protected against the progression of insulin re-
sistance in older men (13), so the association between un-
carboxylated osteocalcin and measures of insulin resistance in
humans may differ from animal models.

The primary purpose of these analyses was to examine cross-
sectional and longitudinal associations between serum uncar-
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boxylated osteocalcin concentrations and measures of insulin
resistance in older men and women not receiving vitamin K
supplementation, as estimated by the homeostasis model as-
sessment of insulin resistance (HOMA-IR). We hypothesized that
the circulating concentration of uncarboxylated osteocalcin is
inversely associated with HOMA-IR.

In secondary analyses, we examined the associations between
the other forms of osteocalcin (total osteocalcin, carboxylated
osteocalcin, and percentage uncarboxylated osteocalcin) and
HOMA-IR. We also explored whether the associations between
different forms of osteocalcin and HOMA-IR were dependent on
adiponectin.

SUBJECTS AND METHODS

Study participants

Cross-sectional associations between serum measures of all
forms of osteocalcin and HOMA-IR were examined by using
baseline measures from nondiabetic men andwomen participating
in a vitamin K supplementation study. Longitudinal associations
were examined in those participants who were randomly assigned
to the control group and who completed the 3-y intervention. This
study was hypothesis-generating because data were obtained from
a clinical trial originally designed to study the effect of vitamin K
supplementation on bone loss and vascular calcification (8, 9).

The participation criteria of this study have been described
elsewhere (8). Briefly, to ascertain the influence of vitamin K
supplementation on age-related bone loss and progression of
vascular calcification, 452 ambulatory men and postmenopausal
women, aged 60–80 y, were randomly assigned to receive
a multivitamin that contained either 500 lg multivitamin/d or no
phylloquinone plus a daily calcium (600 mg elemental calcium)
and vitamin D3 (400 IU) supplement for 3 y (8). Although di-
agnosed diabetes (defined as fasting plasma glucose�126 mg/dL
and/or currently taking diabetes medication) was allowed in the
original intervention trial, these individuals were excluded from
the present analyses (n = 41). All participants signed a written
informed consent. This study was approved by the Tufts Uni-
versity Institutional Review Board. Of enrolled participants,
there were 421 whites, 14 blacks, 4 Hispanics, 11 Asians, and 2
American Indians.

For cross-sectional analyses, blood samples drawn at the
baseline visit before supplement use were used. For longitudinal
analyses, blood samples obtained at the end of the 3-y study were
limited to those participants in the control group. Those in the
vitamin K–supplemented group were excluded only for the
longitudinal analysis because there was a treatment effect of
vitamin K supplementation on measures of insulin resistance, as
previously reported (13).

Biochemical measurements

All blood samples were fasting and were drawn between 0700
and 1000. Dedicated aliquots of plasma and serum were stored at
280 C and protected from the light until the time of analysis.
Serum concentrations of uncarboxylated osteocalcin and total
osteocalcin were analyzed by using a radioimmunoassay method
(10) with an antibody that recognizes both carboxylated osteo-
calcin and uncarboxylated osteocalcin. Carboxylated osteocalcin

was separated from uncarboxylated osteocalcin by adsorption on
hydroxyapatite (10). The total CV for the 3 control sera, with an
average total osteocalcin of 6.4, 14.7, and 23.8 lg/L, was 8.8,
8.9, and 7.6, respectively. The carboxylated osteocalcin con-
centration was calculated as the total osteocalcin concentration
minus the uncarboxylated osteocalcin concentration, and the
percentage uncarboxylated osteocalcin was calculated as (un-
carboxylated osteocalcin concentration/total osteocalcin con-
centration) · 100. Fasting plasma insulin, glucose, and urinary
N-telopeptide of collagen type 1 were measured as described
previously (11, 12). Plasma concentrations of high-molecular-
weight adiponectin, which is considered to be the most active
isoform and more predictive of insulin resistance, were mea-
sured by using an enzyme-linked immunosorbent assay (Daiichi
Pure Chemical, Tokyo, Japan) (total %CV = 12.0%) (13).
Plasma 25-hydroxyvitamin D was measured by radioimmuno-
assay (DiaSorin, Stillwater, MN), and plasma concentrations of
phylloquinone were determined by reversed-phase HPLC fol-
lowed by fluorometric detection, as previously described (8).

Other measurements

Total body fat was measured by using dual-energy X-ray
absorptiometry (GE Medical Prodigy, encore 2002, version
6.10.029) and was expressed as percentage of body weight as fat.
Body mass index (in kg/m2) was calculated from baseline
measures of height and weight. Medical history, medication use,
and smoking status were assessed by medical history and ex-
amination at baseline. Dietary intakes and physical activity were
assessed by using validated surveys (14, 15).

Statistical analyses

All cross-sectional analyses were limited to participants free of
diabetes (n = 411) for whom there were measures of osteocalcin,
HOMA-IR, adiponectin (n = 55 missing adiponectin measures),
and percentage body fat (n = 8 missing measures of percentage
body fat) (final n = 348; 206 females, 142 males). Because vi-
tamin K supplementation affects the carboxylation status of
osteocalcin, the longitudinal analyses were limited to non-
diabetic participants who were randomly assigned to the group
that did not receive vitamin K supplementation and for which
measures of percentage body fat were available at baseline and
follow-up (n = 162, 63% female).

A natural log transformation was applied to all forms of
osteocalcin, HOMA-IR, fasting insulin, and adiponectin to re-
duce skewness for formal analyses. However, data in Tables 1 and
2 are presented in the original scale. There was no effect mod-
ification by sex with respect to the association of any form of
osteocalcin with HOMA-IR, so all analyses were sex pooled.
Because 94% of the participants used in these analyses were
white, we were unable to examine for effect modification by race,
so all analyses are race pooled as well.

Cross-sectional analyses

HOMA-IR, which was calculated as [fasting plasma glucose
(mmol/L) · fasting plasma insulin (U/mL)]/22.5, was the pri-
mary measure of insulin resistance (16). We also assessed as-
sociations with fasting plasma insulin and fasting plasma
glucose separately. For primary analyses, we created tertiles of
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uncarboxylated osteocalcin and used analysis of covariance
(PROC GLM SAS version 9.1; SAS Institute Inc, Cary, NC) to
determine cross-sectional differences at baseline in HOMA-IR,
fasting insulin, and fasting glucose across tertiles of un-
carboxylated osteocalcin, which were adjusted for age, sex, race,
physical activity, smoking, percentage body fat, and plasma 25-
hydroxyvitamin D. These same analyses were repeated to ex-
amine the cross-sectional differences at baseline in HOMA-IR,
fasting insulin, and fasting glucose across tertiles of the other
forms of osteocalcin (total osteocalcin, carboxylated osteo-
calcin, and percentage uncarboxylated osteocalcin). We sub-
sequently tested whether the association between measures of all
forms of osteocalcin and HOMA-IR was dependent on adipo-
nectin by adjusting these cross-sectional models for serum adi-
ponectin. By using this approach, if the association between
osteocalcin and HOMA-IR was completely dependent on adi-
ponectin, there would be no association between osteocalcin and
HOMA-IR when controlled for adiponectin (17). If the trend for
difference in measures of insulin resistance across a tertile of
osteocalcin was significant (P , 0.05), differences among in-
dividual tertiles, adjusted for multiple comparisons, were tested
by using Tukey’s honestly significant difference adjustment.

To determine whether the different forms of osteocalcin were
associated with percentage body fat, we compared serum
uncarboxylated osteocalcin, total osteocalcin, carboxylated
osteocalcin, and percentage uncarboxylated osteocalcin across
tertiles of percentage body fat by using analysis of covariance,
which was adjusted for sex, age, ethnicity, physical activity,
smoking, energy intake, and percentage of energy from fat. To
determine whether associations between osteocalcin and other
variables were a reflection of associations between body fat
and bone turnover, analyses were repeated by using urinary
N-telopeptide of collagen type 1, a marker of bone resorption, as
the main exposure. All analyses were considered to be statisti-
cally significant at P , 0.05.

Longitudinal analyses

Multiple linear regression was used to determine whether
baseline total osteocalcin or the uncarboxylated or carboxylated
forms of osteocalcin predicted change in HOMA-IR. The 3-y
change in HOMA-IR, fasting insulin, or fasting glucose (cal-
culated as the year 3 minus the baseline measure) was the out-
come, and baseline osteocalcin form (total osteocalcin,
uncarboxylated osteocalcin, carboxylated osteocalcin, percent-
age uncarboxylated osteocalcin) and concentration were the
primary exposures in separate linear models, which were adjusted
for the baseline measure of HOMA-IR, fasting insulin, or fasting
glucose as well as age, race, smoking, and physical activity.
Because there was a statistically significant increase in per-
centage body fat over 3 y (P = 0.008), these analyses were
adjusted for baseline and 3-y change in percentage body fat.
Similarly, because all participants received 400 IU vitamin D3 as
part of the primary intervention, these analyses were adjusted
for baseline and 3-y change in serum 25-hydroxyvitamin D.

RESULTS

As previously reported, baseline characteristics were similar
between the 2 treatment groups (12). Participant characteristics at

baseline are summarized in Table 1. The overall mean (6SD)
percentage body fat was 42 6 8% in women and 30 6 7% in
men, and 75% were considered overweight on the basis of
a body mass index .25.

Cross-sectional results

There was no difference in HOMA-IR across tertiles of
uncarboxylated osteocalcin (Figure 1A) (P = 0.16). However,
HOMA-IR was lower across the higher tertiles of total osteo-
calcin and carboxylated osteocalcin (Figure 1, C and D) (P for
trend = 0.006 and 0.02, respectively). Those in the higher tertiles
of total osteocalcin had significantly lower fasting glucose and
higher adiponectin (P for trend = 0.04 and 0.004, respectively)
(Table 2). Similarly, those in the higher tertiles of carboxylated
osteocalcin had lower fasting glucose and higher adiponectin
(both P for trend’s = 0.03). Neither the concentration of circu-
lating uncarboxylated osteocalcin nor the percentage un-
carboxylated osteocalcin was associated with fasting insulin,
glucose, or adiponectin (all P � 0.08).

When adiponectin was accounted for in the associations be-
tween measures of osteocalcin and HOMA-IR, the significant
differences in HOMA-IR across higher tertiles of total osteo-
calcin and carboxylated osteocalcin were attenuated. The asso-
ciation between total osteocalcin and HOMA-IR remained
significant (P = 0.04), but the association between carboxylated
osteocalcin and HOMA-IR did not (P = 0.11). In these models,
adiponectin was significantly inversely associated with HOMA-
IR, fasting insulin, and glucose (partial r2 ranged from 20.12
to 20.29; all P , 0.03). There were no differences in HOMA-
IR or percentage body fat across tertiles of urinary N-telopeptide
of collagen type 1 (all P � 0.12).

Longitudinal results

Among the 162 participants included in the longitudinal
analyses, HOMA-IR increased by 0.34 (14%, P = 0.02) over 3 y.

TABLE 1

Baseline characteristics of study subjects1

Values

Age (y) 68 6 62

Female [n (%)] 206 (59)

Uncarboxylated osteocalcin (ng/mL) 3.6 6 2.3

Total osteocalcin (ng/mL) 8.5 6 3.0

Carboxylated osteocalcin (ng/mL) 4.9 6 1.6

Uncarboxylated osteocalcin (%) 41 6 16

Fasting insulin (mU/mL) 10.6 6 5.4

Fasting glucose (mg/dL) 94 6 10

HOMA-IR 2.4 6 1.4

Adiponectin (lg/mL) 4.2 6 2.8

BMI (kg/m2) 27.8 6 5.1

Body fat (%) 37 6 9

Physical Activity Score for the Elderly 127 6 58

NTX (nmol/L BCE) 15.3 6 4.4

25-Hydroxyvitamin D (ng/mL) 23.0 6 8.5

Smoking [n (%)] 17 (5)

1 HOMA-IR, homeostasis model assessment of insulin resistance; NTX,

N-telopeptide of collagen type 1; BCE, bone collagen equivalents.
2 Mean 6 SD (all such values).
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The concentration of uncarboxylated osteocalcin and the per-
centage uncarboxylated osteocalcin did not change signifi-
cantly. In contrast, the total osteocalcin decreased by 0.88 ng/
mL (10%; P , 0.001 on the basis of a paired-sample t test), and
carboxylated osteocalcin decreased by 0.67 ng/mL (13%; P ,
0.001). The mean percentage body fat increased by 0.5% (P =
0.008). There was no association between baseline un-
carboxylated osteocalcin concentration and the 3-y change in
HOMA-IR (Table 3). However, a higher concentration of car-
boxylated osteocalcin at baseline predicted less change in
HOMA-IR (P = 0.002), whereas a lower baseline percentage
undercarboxylated osteocalcin predicted a greater increase in
HOMA-IR (P = 0.02).

DISCUSSION

In this study, older men and women with high serum car-
boxylated osteocalcin concentrations at baseline had less increase
in HOMA-IR over a 3-y period of follow-up. In contrast, the
serum concentration of uncarboxylated osteocalcin was not as-
sociated with HOMA-IR in older men and women free of di-
abetes, nor did it predict a 3-y change in HOMA-IR.

Total osteocalcin serum concentrations reflect the amount of
the protein synthesized in bone. The percentage of osteocalcin
that is c-carboxylated (percentage uncarboxylated osteocalcin)
depends on the availability of vitamin K. It has been suggested
that only the uncarboxylated form of osteocalcin influences

glucose homeostasis in mice (1, 2). However, our results suggest
that the uncarboxylated fraction of osteocalcin is not associated
with insulin resistance in older humans. Rather, serum carbox-
ylated osteocalcin concentrations were inversely associated with
HOMA-IR, both cross-sectionally and longitudinally. The di-
vergent findings may reflect species differences in osteocalcin
and its putative role in glucose metabolism. Alternatively, dif-
ferences in findings may reflect the imprecision of HOMA-IR as
a surrogate measure of insulin resistance.

Our results are in agreement with others who have recently
reported inverse associations between insulin resistance and
circulating total osteocalcin in humans (4–7). This study is
unique in its measurement of the carboxylated and uncarboxy-
lated forms of osteocalcin in circulation. The mean HOMA-IR
was significantly higher among the men and women in the lowest
tertiles of total osteocalcin and carboxylated osteocalcin, which
suggests that total osteocalcin and carboxylated osteocalcin may
have a protective effect on insulin resistance in older age. It is also
plausible that osteocalcin is a marker of the general role that
osteoblastic activity may have in insulin resistance. Because an
HOMA-IR �2.6 has been proposed as a threshold to indicate
insulin resistance (16, 18), our outcomes suggest that the non-
diabetic older adults in the lower tertiles of total osteocalcin and
carboxylated osteocalcin may be at increased risk of clinically
significant insulin resistance.

Adiponectin, an adipocyte-derived, insulin-sensitizing hor-
mone, was reported to mediate the role of osteocalcin in the

FIGURE 1. Mean (6SD) homeostasis model assessment of insulin resistance (HOMA-IR) according to tertiles of (A) uncarboxylated osteocalcin (OC),
(B) percentage uncarboxylated OC, (C) total OC, and (D) carboxylated OC in men and women. *P for trend on the basis of ANCOVA and adjusted for age,
sex, race, Physical Activity Score for the Elderly, smoking, serum 25-hydroxyvitamin D, and percentage body fat. ||,{Tertiles with different superscripts are
significantly different, P , 0.05 (Tukey’s honestly significant difference adjustment for multiple comparisons).
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regulation of insulin sensitivity in rodent models (1, 2). Reports of
associations between adiponectin and osteocalcin specifically in
humans are limited (4, 19). In our study, adiponectin was pos-
itively associated with total osteocalcin and carboxylated
osteocalcin. When adiponectin was held constant in the asso-
ciations between circulating osteocalcin and HOMA-IR, the
strength of the association between total osteocalcin and car-
boxylated osteocalcin with HOMA-IR was somewhat attenuated,
which suggests that the association of total osteocalcin and
carboxylated osteocalcin with HOMA-IR may depend partially
on adiponectin (17).

The concentration of carboxylated osteocalcin was inversely
associated with a 3-y change in HOMA-IR, fasting insulin, and
glucose, whereas the percentage uncarboxylated osteocalcin,
which is increased when vitamin K status is low, was positively
associated with a change in HOMA-IR and fasting insulin. Taken
together, these outcomes may suggest a novel role for vitamin K
in the protection against age-related impairments in glucose
homeostasis, which merits additional investigation. Although the
results of our cross-sectional analyses indicated an inverse as-
sociation between total osteocalcin and fat mass, as has been

reported by others (4, 6, 7), the association between baseline
carboxylated osteocalcin and percentage uncarboxylated osteo-
calcin and a change in HOMA-IR was independent of changes in
body fat. The baseline concentrations of uncarboxylated osteo-
calcin and total osteocalcin were not associated with a change in
any measure of insulin resistance in our study.

As previously reported, vitamin K supplementation for 3 y
protected against an increase in insulin resistance in men in this
cohort (13). Unfortunately, we were not able to further explore
the longitudinal associations between the 3 forms of osteocalcin
and HOMA-IR in the vitamin K-supplemented group because
there were sex-specific differences in the response of HOMA-IR
to vitamin K supplementation. With 162 participants in the
placebo group, the statistical power to appropriately reject the
null hypothesis of no association between baseline carboxylated
osteocalcin and a 3-y change in HOMA-IR, at the 0.05 level
of significance, was 88%. To reject the same null hypothesis
separately in the 75 men and 101 women in the vitamin
K–supplemented group at the 0.05 level of significance, our
statistical power was reduced to 54% and 68% for men and
women, respectively.

TABLE 2

Homeostasis model assessment of insulin resistance (HOMA-IR), circulating insulin, glucose, and adiponectin across tertiles of total osteocalcin in older

nondiabetic men and women (n = 348)1

Total osteocalcin

Tertile 1 [mean (range):

5.5 (2.6–6.9) ng/mL]

Tertile 2 [mean (range):

8.1 (7.0–9.2) ng/mL]

Tertile 3 [mean (range):

11.8 (9.3–24.8) ng/mL] P for trend2

HOMA-IR

Model 1 2.7 6 0.1a,b 2.5 6 0.1a 2.2 6 0.1b 0.006

Model 2 2.6 6 0.1a 2.5 6 0.1a 2.2 6 0.1b 0.04

Insulin (mU/mL)

Model 1 11.5 6 0.5a 10.8 6 0.5a,b 9.5 6 0.5b 0.11

Model 2 11.3 6 0.5 10.9 6 0.4 9.7 6 0.5 0.33

Glucose (mg/dL)

Model 1 96 6 1a 94 6 1a,b 93 6 1b 0.04

Model 2 96 6 1 94 6 1 93 6 1 0.10

Adiponectin (lg/mL)

Model 1 3.6 6 0.3a 4.3 6 0.2b 4.6 6 0.2b 0.004

1 All values are least-square (LS) means 6 SEMs. LS means are the mean values in the outcomes when individual covariates are held constant: model 1

was adjusted for age, sex, race, Physical Activity Score for the Elderly, smoking, serum 25-hydroxyvitamin D, and percentage body fat; model 2 was adjusted

for the same covariates as model 1 and further adjusted for adiponectin. n = 113, 119, and 116 for tertiles 1, 2, and 3, respectively. Values with different

superscripts are significantly different, P , 0.05 (Tukey’s honestly significant difference adjustment for multiple comparisons).
2 Calculated by using ANCOVA and adjusted for covariates in model 1 and model 2.

TABLE 3

Associations between baseline measures of circulating osteocalcin and 3-y change in the homeostasis model assessment of insulin resistance (HOMA-IR) in

older nondiabetic men and women (n = 162)1

Baseline (ln)

uncarboxylated osteocalcin

Baseline percentage

uncarboxylated osteocalcin

Baseline (ln)

total osteocalcin

Baseline (ln)

carboxylated osteocalcin

3-y change in HOMA-IR 0.20 6 0.19 0.01 6 0.01 20.23 6 0.39 20.91 6 0.29

P value 0.29 0.02 0.56 0.002

3-y change in insulin (mU/mL) 0.70 6 0.65 0.05 6 0.02 20.82 6 1.33 22.99 6 1.02

P value 0.28 0.03 0.54 0.004

3-y change in glucose (mg/dL) 20.32 6 1.26 0.04 6 0.05 22.70 6 2.59 24.24 6 1.99

P value 0.80 0.34 0.30 0.03

1 All values are mean 6 SE unstandardized B-coefficients and are calculated on the basis of multiple linear regression, adjusted for sex, age, race,

baseline HOMA-IR, insulin or glucose, smoking, physical activity, percentage body fat at baseline, 3-y change in percentage body fat, serum 25-hydroxy-

vitamin D at baseline, and 3-y change in serum 25-hydroxyvitamin D.

1234 SHEA ET AL



There are several limitations to consider in the interpretation of
these findings. Baseline measures were cross-sectional. Although
the outcomes of our longitudinal analyses suggest that elevated
carboxylated osteocalcin and a lower percentage uncarboxylated
osteocalcin may protect against insulin resistance, these results
are based on secondary analyses from a clinical trial designed to
test a different hypothesis in a relatively small sample. Thus,
additional larger clinical trials are warranted to better elucidate
the influence of carboxylated osteocalcin on changes in insulin
resistance and development of type 2 diabetes. Use of more
sensitive measures of insulin sensitivity such as the hyper-
insulinemic euglycemic clamp or minimal model should be
considered to further elucidate components of insulin resistance
that are influenced by osteocalcin and vitamin K. In addition, our
sample is older, primarily white, and generally healthy, so the
generalizability of our findings to other age and racial groups or
individuals, especially those at increased risk of diabetes, needs
to be determined.

Balanced against these limitations is that this report is the first
longitudinal assessment of osteocalcin and insulin resistance in
humans in which study participants had assessments of car-
boxylated and uncarboxylated forms of osteocalcin and body
composition. Although the influence of uncarboxylated osteo-
calcin on insulin resistance has been systematically investigated
in in vitro and animal studies, reports of associations of uncar-
boxylated osteocalcin and insulin resistance in humans are
lacking. Although others have suggested that uncarboxylated
osteocalcin is the form of osteocalcin that confers protection
against insulin resistance in animal models (1, 2), our data do not
support this hypothesis in humans.

In summary, our data suggest that osteocalcin may function as
a link between skeletal metabolism and glucose metabolism in
older men and women. The uncarboxylated form of osteocalcin
does not appear to influence HOMA-IR in humans. However,
more studies are needed to determine whether this function is
contingent on the vitamin K–dependent carboxylation status of
the protein.
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