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Abstract

Mouse models suggest that undercarboxylated osteocalcin (ucOC), produced by the skeleton, 

protects against type 2 diabetes development, whereas human studies have been inconclusive. We 

aimed to determine if ucOC or total OC is associated with incident type 2 diabetes or changes in 

fasting glucose, insulin resistance (HOMA-IR), or beta-cell function (HOMA-Beta). A subcohort 

(n = 338; 50% women; 36% black) was identified from participants without diabetes at baseline 

in the Health, Aging, and Body Composition Study. Cases of incident type 2 diabetes (n = 137) 

were defined as self-report at an annual follow-up visit, use of diabetes medication, or elevated 

fasting glucose during 8 years of follow-up. ucOC and total OC were measured in baseline serum. 

Using a case-cohort design, the association between biomarkers and incident type 2 diabetes 

was assessed using robust weighted Cox regression. In the subcohort, linear regression models 

analyzed the associations between biomarkers and changes in fasting glucose, HOMA-IR, and 
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HOMA-Beta over 9 years. Higher levels of ucOC were not statistically associated with increased 

risk of incident type 2 diabetes (adjusted hazard ratio = 1.06 [95% confidence interval, 0.84–1.34] 

per 1 standard deviation [SD] increase in ucOC). Results for %ucOC and total OC were similar. 

Adjusted associations of ucOC, %ucOC, and total OC with changes in fasting glucose, HOMA-IR, 

and HOMA-Beta were modest and not statistically significant. We did not find evidence of an 

association of baseline undercarboxylated or total osteocalcin with risk of incident type 2 diabetes 

or with changes in glucose metabolism in older adults.

Keywords

GENERAL POPULATION STUDIES; EPIDEMIOLOGY; OTHER; SYSTEMS BIOLOGY; 
BONE INTERACTORS; OTHER; CELL/TISSUE SIGNALING; ENDOCRINE PATHWAYS

Introduction

Studies conducted in mouse models have reported that osteocalcin (OC), specifically the 

undercarboxylated form, affects glucose homeostasis.(1,2) OC is secreted from the osteoblast 

and is a component of the extracellular matrix, and total OC is a standard marker of bone 

formation in humans. OC is carboxylated posttranslationally in the presence of vitamin 

K, and the circulating fraction of undercarboxylated osteocalcin (ucOC) is considered a 

sensitive marker of vitamin K status.(3) OC knockout mice show decreased insulin secretion 

and decreased insulin sensitivity in the liver, muscle, and adipose tissue.(1) Conversely, 

mice with high levels of ucOC demonstrate enhanced β-cell proliferation, increased insulin 

secretion by pancreatic beta-cells, and greater insulin sensitivity.(4)

Efforts to determine if OC affects glucose metabolism and the risk of type 2 diabetes in 

humans have produced inconsistent results. Multiple cross-sectional studies have reported 

lower total OC and ucOC in those with type 2 diabetes.(5–10) However, these cross-sectional 

results may reflect inhibition of bone turnover by type 2 diabetes, resulting in lower ucOC, 

rather than an effect of ucOC on type 2 diabetes risk.(11) Only four longitudinal studies have 

investigated ucOC, the active form of OC, and incident type 2 diabetes, and results have 

been conflicting.(12–15)

To further investigate the relationship between ucOC, total OC, and type 2 diabetes, we 

undertook a case-cohort study in the Health Aging and Body Composition (Health ABC) 

study. The primary objective was to determine the associations between baseline serum 

OC (ucOC, %ucOC, and total OC) and incident type 2 diabetes. A secondary objective 

was to assess associations between baseline serum OC and changes in fasting glucose, 

insulin resistance, and beta-cell function. We also assessed two other serum markers of bone 

turnover, N-propeptide of type I procollagen (P1NP) and C-terminal crosslinking telopeptide 

of type I collagen (CTX), to determine if bone turnover in general is associated with incident 

type 2 diabetes.
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Subjects and Methods

Health ABC participants

The Health ABC study was a prospective study to investigate whether changes in body 

composition act as a common pathway by which multiple diseases affect morbidity, 

disability, and risk of mortality.(16) The cohort consists of 3075 black and white men 

and women aged 70–79 years recruited at the University of Pittsburgh and the University 

of Tennessee, Memphis. Participants were excluded if they reported any difficulty with 

activities of daily living, walking up 10 steps without resting, or walking a quarter of a mile. 

Study procedures were approved by the institutional review boards and written informed 

consent was provided by all participants. The baseline examination took place during 1997–

1998.

Incident type 2 diabetes

We utilized a case-cohort design to assess the association between baseline ucOC and 

incident diabetes (Fig. 1).(17) Those with prevalent diabetes, defined as baseline self-report 

of a diabetes diagnosis, use of diabetes medication, elevated serum fasting glucose (≥126 

mg/dL), or elevated serum glucose 2 hours after a 75-g oral glucose tolerance test (OGTT) 

(≥200 mg/dL), were excluded.(18) At baseline, 719 of the 3075 participants had diabetes 

and were excluded. An additional 104 participants were excluded for lack of information on 

baseline glycemic status.

For the subcohort, a random sample of participants without diabetes was identified, stratified 

by baseline glucose metabolism status. Half of the subcohort (n = 180) was randomly 

sampled from those with normal glucose metabolism (n = 1380), defined as a fasting 

glucose <100 mg/dL and a glucose of <140 mg/dL 2 hours after a 75-g OGTT. The others 

(n = 180) were sampled from those with impaired glucose metabolism (n = 872), defined as 

fasting glucose between 100 and 125 mg/dL or glucose between 140 and 199 mg/dL 2 hours 

after a 75-g OGTT.

Incident type 2 diabetes through year 8 was identified based on self-report at an annual 

follow-up visit, use of diabetes medication, or an elevated fasting glucose (≥126 mg/dL) 

(measured at year 1, year 3, and year 5 visits). Participants were not tested for presence 

of any islet cell autoantibody. In the random subcohort, 30 participants were also incident 

type 2 diabetes cases. An additional 150 cases were identified for a total of 180 incident 

cases. For the incident cases and subcohort, participants taking warfarin (n = 15) or oral 

steroids (n = 6) at baseline were excluded. Warfarin use reduces vitamin K and increases 

% ucOC(19) although effects on glucose metabolism are unknown. None of the participants 

in our analysis reported vitamin K supplement use at baseline. Oral steroids affect both 

risks of type 2 diabetes and bone turnover markers.(20) For the analyses of incident type 

2 diabetes, five participants in the subcohort were excluded for not having at least one 

follow-up visit since diabetes status was identified at these visits. Participants who initiated 

warfarin or oral steroid use during study follow-up were censored at that visit. Incident cases 

who used warfarin or oral steroid during follow-up were excluded (n = 18). An additional 

10 cases were excluded due to lack of fasting glucose data at baseline. One participant in 
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the subcohort was excluded due to unusually high values of ucOC, total OC, and CTX more 

than 10 standard deviations (SDs) above the mean.

Thus, the analyses of incident type 2 diabetes include 455 participants: 171 subcohort 

participants with normal glucose metabolism at baseline (including three who are also 

cases), 167 subcohort participants with impaired glucose metabolism (including 17 who are 

also cases), and 137 cases of incident type 2 diabetes (of whom 20 were in the random 

subcohort).

Changes in fasting glucose

Fasting glucose was measured at five visits: baseline, year 1, year 3, year 5, and year 

9. The association between baseline ucOC and changes in fasting glucose was assessed 

in the random subcohort of those with normoglycemia and those with impaired glucose 

metabolism included in the case-cohort analysis, plus the five participants excluded from 

the case-cohort analysis for lack of a follow-up visit. Analyses included 172 participants 

with normal glucose metabolism and 171 participants with impaired glucose metabolism at 

baseline.

Changes in insulin resistance and beta-cell function

HOMA-IR and HOMA-Beta were calculated using fasting glucose and fasting insulin,(21) 

measured at baseline and year 9. Starting with the random subcohort of 338 participants, 

163 participants had data available for change in HOMA from baseline to year 9. Of these, 

20 participants were excluded for use of the following medications at baseline or during 

follow-up: an oral steroid (n = 4), warfarin (n = 13), thiazolidinediones (TZDs) (n = 2), 

both oral steroid and warfarin (n = 1). The analyses of change in HOMA included 143 

participants: 73 with impaired glucose metabolism and 70 with normoglycemia at baseline.

Osteocalcin and other bone turnover markers

Serum was obtained at the baseline visit after an overnight fast. The Health ABC study 

provided detailed instructions for obtaining, processing, and storing blood specimens. Blood 

drawn for serum was allowed to clot at room temperature for 40–90 minutes. Serum was 

then aliquotted and frozen at −70°C. Specimens were shipped on dry ice for long-term 

storage at McKesson Bioservices (Rockville, MD, USA). For this ancillary study, samples 

were retrieved fromthe storage facility and shipped on dry ice to author CMG’s lab. Samples 

were then placed into a −70°C freezer until assay. This ancillary study used samples without 

a previous freeze–thaw cycle. Hemolysis was noted at the time of the blood draw and 

processing; hemolyzed specimens were excluded from the serum used for this ancillary 

study.

Specimens were assayed for ucOC and other bone turnover markers after approximately 12 

years of storage. Laboratory protocol included establishing linearity studies with every new 

batch of antiserum. Specific to this study, samples needing to be diluted for hydroxyapatite 

binding showed expected values. Assays were performed at the Department of Orthopedics, 

Yale University School of Medicine under the direction of author CMG.
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Total OC, a 49 residue polypeptide, was measured in serum by an equilibrium 

radioimmunoassay utilizing a polyclonal antibody made against total OC purified from 

human bone in author CMG’s laboratory. The assay recognizes osteocalcin including intact 

OC and any fragments that contain the region from 7–42 and both carboxylated (cOC) 

and ucOC equivalently, providing a measure of total OC.(22) To measure ucOC, cOC was 

separated from ucOC by differential hydroxyapatite (HAP) binding. After adsorption of 

serum onto a standard suspension of HAP, ucOC is measured in the supernatant with the 

same equilibrium radioimmunoassay used for total OC. The binding assay depends upon 

both the concentration of OC in the sample and the concentration of HAP. Samples with 

total OC > 15 ng/mL are diluted with OC free serum to the concentration of 10 ng/mL and 

HAP binding repeated. Results are expressed as total OC, ucOC, and %ucOC (ucOC/total 

OC # 100%). Assay characteristics are computer derived for each assay. Interassay and 

intraassay coefficients of variation for ucOC are 6.7% and 3.2% respectively.(23)

Intact form of P1NP was measured with competitive radioimmunoassay (Orion Diagnostica 

UniQ, Espoo, Finland; distributed by Immunodiagnostic systems, Inc., Scottsdale, AZ, 

USA). Interassay and intraassay coefficients of variation were 7.7% and 2.2% respectively. 

CTX was quantitated by ELISA (Serum CrossLaps, Nordic Biosciences, Herlev, Denmark, 

distributed by Immunodiagnostic Systems). Interassay and intraassay coefficients of 

variation were 10.5% and 8.24%, respectively.

Fasting glucose and other laboratory assays

Laboratory measurements for Health ABC were performed at the Laboratory of Clinical 

Biochemistry, University of Vermont. For plasma glucose, blood was drawn after an 

overnight fast (≥8 hours). At baseline, participants ingested 75 g glucose in solution 

(glucola) immediately after blood was drawn for fasting glucose, and a second blood sample 

was drawn 2 hours later for the OGTT. Fasting glucose was measured at baseline, year 1, 

year 3, year 5, and year 9 visits. Fasting insulin was also measured on blood drawn after an 

overnight fast. HOMA-IR was calculated as [fasting glucose (mg/dL) × fasting insulin (μU/

mL)]/405, and HOMA-Beta (%) was calculated as (360 × fasting insulin)/(fasting glucose 

− 63).(21) Cystatin C (cysC), a marker of renal function, was measured on baseline serum 

stored at −70°C for an average of 6.5 years using a BNII nephelometer (Dade Behring 

Inc., Deer-!eld, IL, USA) utilizing a particle-enhanced immunonephelometric assay (N 

Latex Cystatin C). Intraassay and interassay CVs for cysC are 2.0%−2.8% and 2.3%−3.1%, 

respectively.

Covariates

At the baseline and annual visits, participants completed a questionnaire. Phone visits 

instead of in-person visits were conducted at year 6 and year 8. Participants were asked 

about cigarette smoking (baseline, year 2, year 4, year 7, year 8, and year 9) and were 

categorized as “never, former, or current” smoker. Participants reported time spent walking 

and climbing stairs in the previous week at all visits. Approximate metabolic equivalent unit 

(MET) values were assigned to these activities to calculate a weekly energy expenditure 

estimate.(24) Participants were asked to bring prescription and over-the-counter medications 

used in the previous week to the baseline and annual visits, (except year 3, year 6, and 
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year 8). Medications were coded according to the Iowa Drug Information System (IDIS).(25) 

In these analyses, bisphosphonates, calcitonin, raloxifene, fluorides, and teriparatide were 

grouped as “osteoporosis medications.”

At baseline, weight was measured with a calibrated balance beam scale. Height was 

measured with a Harpenden stadiometer. Body mass index (BMI) was calculated as weight 

divided by height squared (kg/m2). A composite physical performance score (range, 0–4) 

was calculated from tests of usual walk speed, narrow walk speed, chair stands, and standing 

balance, administered at baseline, year 3, year 5, and year 9.(26)

Statistical analyses

Baseline characteristics of participants by glycemia status in the random subcohort and in 

the incident type 2 diabetes cases were summarized using means and standard deviations 

(SDs) for continuous measures and counts and percentages for categorical measures. The 

distributions for our exposures of interest, ucOC, percent ucOC, total OC, P1NP, and CTX, 

were sufficiently normal, and transformation was not needed.

We determined minimum detectable effects (MDEs), assuming a type I error rate of 5%, 

80% power, and correlation of 0.3 between covariates. For incident diabetes, the minimum 

detectable hazard ratio was 1.33 for a standardized continuous predictor. The minimum 

detectable correlations for the change in fasting glucose analyses was rho = 0.16 and for the 

change in HOMA-IR and HOMA-Beta analyses was rho = 0.24.

Incident type 2 diabetes—Cox proportional hazards models, with the Barlow weighting 

method and robust variance estimation to accommodate the stratified sampling and case-

cohort design, were used to analyze the association between ucOC and time to incident type 

2 diabetes.(27) Barlow’s method for weighting study participants in the pseudolikelihood was 

used to account for the stratified sampling of the subcohort. Incident diabetes cases were 

weighted by 1 and subcohort controls were weighted by the inverse of the sampling fraction 

(α= n/N, where n is the number of participants in a given glycemic group in the random 

subcohort, and N is the number of participants in that glycemic group among all participants 

at baseline, after applying medication exclusions): α = 171/1291 = 13.2% for participants 

with normal glucose metabolism and α = 167/819 = 20.4% for participants with impaired 

glucose metabolism.(28) Date of onset for incident type 2 diabetes was defined as the visit 

date when diabetes was identified. Minimally adjusted models included baseline age, race 

(black/white), sex, clinic site, and baseline glycemia stratum. To develop multivariable 

models, a full model was constructed that included the measures from the minimally 

adjusted models, plus baseline cystatin-C and the following time-varying variables: smoking 

status, oral estrogen use, osteoporosis medication use, statin use, thiazide diuretic use, 

physical activity, and physical performance score. Baseline age, race, gender, clinic site, 

baseline glycemia stratum, and baseline BMI were retained in the models regardless of 

p value; other variables were removed from the model one at a time if the p value was 

greater than 0.2 and if the regression coefficient for ucOC did not change by more than 10% 

with the removal of the variable. This approach was also used to evaluate the associations 

between incident type 2 diabetes and total OC, %ucOC, P1NP, and CTX. All variables 
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except physical activity were retained in the final multivariable model. A quadratic term 

for ucOC or total OC was included to test for linearity and was statistically significant 

(p < 0.001) only for %ucOC. The risk of incident type 2 diabetes per 1 SD increase in 

bone turnover marker was estimated, with results presented as hazard ratios (HRs) and 95% 

confidence intervals (CIs). As a sensitivity analysis, we assessed the relationship between 

baseline markers and incident diabetes limited to 5 years of follow up, instead of 8 years.

Changes in fasting glucose—Random effects regression models were used to 

analyze the association between baseline marker levels and subsequent change in fasting 

glucose. Random effects models account for between-subject variation and within-subject 

correlations between repeated fasting glucose measurements. Model coefficients were 

estimated using the restricted maximum likelihood method. Time was modeled as a 

continuous covariate, measured as the number of years from the baseline to follow-up 

fasting glucose measurements. The distributions of fasting glucose were skewed at each 

visit, so the data were log-transformed for normality. Results are back-transformed, thus 

providing the mean difference in 9-year percent change in fasting glucose per 1 SD increase 

in bone turnover marker. Continuous covariates were centered at the baseline mean for 

those covariates that were measured only at baseline (bone turnover markers, age, BMI, 

cystatin-C) and at the mean across all visits for those covariates that were measured at each 

visit (physical performance score). Minimally adjusted models and multivariable models 

included the same variables as described above for the incident type 2 diabetes outcome. 

There was no evidence of nonlinearity.

Changes in HOMA—Linear regression models were used to analyze the associations 

between baseline marker levels and 9-year changes in HOMA-IR and HOMA-Beta, with 

results presented as the mean difference and 95% CI in 9-year change in HOMA per 1 

SD increase in bone turnover marker. Minimally adjusted models and multivariable models 

included the same variables as described above for the incident type 2 diabetes outcome. 

There was no evidence of nonlinearity.

We tested for gender interactions for the biomarkers of interest and the outcomes of 

incident diabetes, and changes in fasting glucose, HOMA-IR, and HOMA-Beta. None of 

the interactions were statistically significant based on p = 0.05. All statistical analyses were 

performed using SAS Version 9.4 (SAS Institute Inc., Cary, NC).

Results

Baseline characteristics

Baseline characteristics for the random subcohort and the incident type 2 diabetes cases 

(n = 137) are provided in Table 1. Among those in the subcohort with normal glucose 

metabolism (n = 172), the average age was 73.4 (SD 2.7) years, 53% were women, and 33% 

were black. Participants with impaired glucose metabolism (n = 171) were 74.1 (SD 3.0) 

years, 53% were men, and 40% were black.

Babey et al. Page 7

J Bone Miner Res. Author manuscript; available in PMC 2023 August 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Incident type 2 diabetes

We did not find evidence that higher levels of ucOC or %ucOC were associated with risk 

of incident type 2 diabetes in minimally adjusted models or multivariable models (Fig. 2). 

For example, in the multivariable model, each 1 SD increase in serum ucOC was associated 

with 1.06 (95% CI, 0.84–1.34) times higher risk of incident type 2 diabetes. There was 

evidence of nonlinearity in the relationship between %ucOC and incident diabetes (p < 

0.001). The middle tertile had the lowest risk of incident diabetes (HR 1.13 [95% CI, 0.65–

1.97] comparing lowest with middle tertile and HR 1.37 [95% CI, 0.78–2.39] comparing 

highest with middle tertile). However, none of the associations were statistically significant. 

We report the linear relationship between %ucOC and incident diabetes in Fig. 2. Total 

osteocalcin was positively associated with incident type 2 diabetes risk in the minimally 

adjusted model (HR 1.27; 95% CI, 1.04–1.56, per 1 SD increase in total OC), but the 

association was attenuated, primarily by adjustment for renal function, and no longer 

statistically significant in the multivariable model (HR 1.09; 95% CI, 0.84–1.42). P1NP, 

a marker of bone formation, was also positively associated with incident type 2 diabetes in 

the minimally adjusted model (HR 1.32; 95% CI, 1.07–1.63), but results were no longer 

statistically significant in the multivariable model (HR 1.24; 95% CI, 0.96–1.59). Serum 

CTX, a bone resorption marker, was not significantly associated with incident type 2 

diabetes in either model. In a sensitivity analysis we assessed the relationship between 

baseline markers (ucOC, %ucOC, total OC, P1NP, and CTX) and incident diabetes limited 

to 5 years of follow-up, reducing the number of incident DM cases to 104. The ucOC results 

of multivariable adjusted models for 5 years of follow-up were similar to our findings for 

8-year follow-up (5-year risk for incident type 2 diabetes per 1 SD increase in ucOC was HR 

1.13; 95% CI, 0.88–1.46 compared to 8-year HR 1.06; 95% CI, 0.84–1.34).

Changes in fasting glucose

Among participants in the random subcohort, the average increase in fasting glucose over 

9 years of follow-up was 3.4% (95% CI, 0.6%–6.3%). We found no evidence that baseline 

ucOC, %ucOC, and total OC were associated with changes in fasting glucose (Table 2). We 

also found no evidence of associations for P1NP and CTX.

Changes in HOMA-IR and HOMA-Beta

Among the 143 participants in the random subcohort with change in HOMA data, the 

average 9-year increase in HOMA-IR was 0.58 (SD 1.90), and the average 9-year increase 

in HOMA-Beta was 5.5 (SD 76.8). There was no evidence that baseline ucOC, %ucOC, 

and total OC were associated with changes in HOMA-IR or HOMA-Beta (Table 2 and 

Supplemental Figure S1). There was also no evidence of an association between baseline 

levels of P1NP or CTX and changes in HOMA-IR or HOMA-Beta.

Discussion

We did not find evidence that higher levels of ucOC are protective of incident type 

2 diabetes, despite rodent studies showing that ucOC regulates glucose metabolism. 

Furthermore, there was no evidence of ucOC affecting glucose metabolism, including 
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changes in fasting glucose, insulin resistance, and beta-cell function, in these older black 

and white men and women.

There have been a number of cross-sectional studies that show lower ucOC(10) or total 

OC(5–9) associated with prevalent type 2 diabetes, including in our cohort.(29) These results 

are consistent with data from the mouse model, but they are also consistent with evidence 

that type 2 diabetes inhibits bone turnover.(11,30) Indeed, a recent meta-analysis of cross-

sectional studies demonstrated that CTX and P1NP, in addition to OC, are lower in patients 

with type 2 diabetes compared to controls.(11)

Limited longitudinal studies have investigated the relation of total OC with incident type 2 

diabetes, and the results have been inconsistent. A meta-analysis of three studies reported 

a pooled relative risk for incident type 2 diabetes of 0.89 (95% CI, 0.78–1.01) comparing 

the top total OC quartile to the lower quartiles.(31) Since this meta-analysis, an additional 

five longitudinal studies with analyses of total OC have been published.(12,15,32–34) 34) 

Similar to our findings for total OC, in the largest longitudinal study to date, Zwakenberg 

and colleagues(12) reported that total OC was not associated with incident type 2 diabetes 

(adjusted odds ratio [OR] 0.97; 95% CI, 0.91–1.03 for each ng/mL increase in total OC). 

Our study adds to the evidence that total OC does not affect type 2 diabetes risk in humans.

The more important question is the effect of ucOC, the active component of OC based 

on rodent models, on type 2 diabetes incidence, and this has been assessed in only four 

other studies. Similar to our findings, Zwakenberg and colleagues(12) found that ucOC and 

%ucOC were not associated with incident type 2 diabetes (adjusted OR 0.97; 95% CI, 

0.88–1.08 for each ng/mL increase in ucOC; adjusted OR 1.01; 95% CI, 0.97–1.06 for each 

5% increment in %ucOC). Iki and colleagues(15) also reported no association between ucOC 

and incident type 2 diabetes. In contrast, Diaz-López and colleagues(14) reported a protective 

effect of higher ucOC and Ngarmukos and colleagues(13) a trend for a protective effect.

Our results are consistent with more recent OC-deficient rodent models showing no effects 

of this phenotype on glucose metabolism,(35,36) in contrast to the models identifying ucOC 

as a hormone affecting insulin sensitivity.(1) The reasons for this discrepancy in the mouse 

models are not clear but are the focus of ongoing research. Possible differences include 

genetic background, modifier genes, and molecular genetics of the knockout alleles.(37,38)

One potential reason for the divergent results in longitudinal studies of ucOC and type 

2 diabetes may be use of different assays for ucOC. In the study by Zwakenberg and 

colleagues(12) and our study, both reporting null associations, ucOC was measured via 

hydroxyapatite (HAP) binding assay. In the studies reporting a protective effect(14) or a trend 

for a protective effect,(13) ucOC was measured by a solid-phase enzyme immunoassay (EIA) 

kit specific for ucOC (TaKaRa Bio, Otsu, Japan). This assay provides a higher estimate 

of ucOC than the HAP-binding method, possibly due to identification of a wider range of 

fragments than the HAP-binding assay.(22,23,39) However, the third study reporting a null 

association(15) used a method that is likely to have similar performance to the Takara assay, 

an electrochemiluminescence immunoassay (ECLIA) (Picolumi ucOC; Sanko Junyaku Co. 
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Ltd., Tokyo, Japan), which relies on the monoclonal antibody measuring the same epitopes 

as TaKaRa Bio.(40)

We considered whether differences in the underlying study populations might have 

contributed to the inconsistent results in the longitudinal studies. However, we could not 

identify a clear pattern of differences by age, sex or race/ethnicity, comparing studies that 

found protective versus null associations. The studies finding no protective effect of ucOC 

included our Health ABC study, with a study population consisting of older black and white 

women and men in the United States. Zwakenberg and colleagues(12) studied participants 

with a wider age range (21–70 years) from the Dutch EPIC-NL cohort. The study by Iki 

and colleagues(15) included older men in Japan. Of the two studies reporting a protective 

effect, Diaz-López and colleagues(14) included older men and women in Spain at high risk 

of cardiovascular events. Ngarmukos and colleagues(13) studied younger participants (35–55 

years) in Thailand. This lack of a consistent pattern suggests that the differences in results 

are not explained by effect modification by age, gender, or race/ethnicity, though further 

comparisons are needed across age strata, race/ethnicity, and comorbid disease.

We did not find evidence of associations between other bone turnover markers (P1NP and 

CTX) and incident type 2 diabetes. Others have reported a negative(33) or U-shaped(41) 

association between serum CTX and incident type 2 diabetes. To our knowledge, there are 

no published studies of P1NP and incident type 2 diabetes.

Strengths of our study include a well characterized cohort with annual assessment of 

diabetes status as well as longitudinal measurements of fasting glucose, HOMA-IR and 

HOMA-Beta. UcOC was assayed using the more accurate hydroxyapatite binding assay.(23) 

Measurements of potential confounders, such as medication use and baseline glycemia 

status, were available. The bone turnover markers P1NP and CTX were also available for 

comparison. Our cohort included men and women, and black and white participants.

The study also has some limitations. Incident type 2 diabetes was identified based on self-

report at an annual follow-up visit, use of diabetes medication, or an elevated fasting glucose 

(measured at year 1, year 3, and year 5 visit). However, glycated hemoglobin (HbA1c) was 

not available, and we might have misclassified incident diabetes status in some participants. 

Misclassification of diabetes status was not likely to have differed by exposure status and 

would tend to bias results towards the null. Our exposures were only measured at baseline 

which might not accurately reflect values during follow-up, resulting in an attenuation of 

associations. However, our sensitivity analysis, assessing associations of ucOC, %ucOC, and 

total OC with incident diabetes after only 5 years of follow-up, failed to find a protective 

effect on incident diabetes, and our point estimates were similar to 8 years of follow-up. This 

suggests that potential attenuation due to measurement of exposure only at baseline is not 

likely to account for our findings. OC was measured after approximately 12 years of storage. 

We are not aware of published studies on OC stability during long-term storage. However, 

freeze–thaw cycles appear to have little effect on OC or ucOC measurements.(42) To assess 

if there was a substantial degradation of osteocalcin, we compared our OC and ucOC 

results with other published studies. The values we obtained listed in Table 1 are within 

the variation reported by others.(43) Although we did not find evidence of an association 
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with incident diabetes, we could not completely exclude a protective or a detrimental effect 

given our 95% confidence intervals. Health ABC participants were healthier than the general 

population in their 70s, as participants had to be functional at baseline recruitment, thus 

results may not apply to other populations.

This study adds to the evidence that ucOC does not have an effect on incident type 2 

diabetes in humans. However, the number of longitudinal studies of ucOC and diabetes 

is limited, and the overall evidence remains inconclusive. Further longitudinal studies are 

needed in humans, particularly studies that assess ucOC as well as total OC.

Conclusion

We found no evidence of an association between baseline undercarboxylated or total 

osteocalcin and incident type 2 diabetes in our study. If there is an association, it is likely to 

be modest, below a level our study was powered to assess.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Health ABC participants included in case-cohort study of ucOC and incident type 2 

diabetes.

Babey et al. Page 14

J Bone Miner Res. Author manuscript; available in PMC 2023 August 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Hazard ratio (95% CI) for incident type 2 diabetes per 1 SD increase in biomarker. 

Minimally adjusted (min adj) models were adjusted for age, race, gender, clinic site, 

and baseline glycemia status. Multivariable adjusted (mv adj) models were adjusted for 

variables in the minimally adjusted models plus baseline cystatin-C and baseline BMI, and 

for the following time-varying variables: Smoking status, oral estrogen use, osteoporosis 

medication use, statin use, thiazide diuretic use, and physical performance score.

Babey et al. Page 15

J Bone Miner Res. Author manuscript; available in PMC 2023 August 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Babey et al. Page 16

Ta
b

le
 1

.

B
as

el
in

e 
C

ha
ra

ct
er

is
tic

s 
of

 P
ar

tic
ip

an
ts

 b
y 

G
ly

ce
m

ia
 S

ta
tu

s 
in

 th
e 

R
an

do
m

 S
ub

co
ho

rt
 a

nd
 in

 th
e 

In
ci

de
nt

 T
yp

e 
2 

D
ia

be
te

s 
C

as
es

N
or

m
og

ly
ce

m
ia

 (
n 

= 
17

2)
Im

pa
ir

ed
 g

lu
co

se
 m

et
ab

ol
is

m
 (

n 
= 

17
1)

In
ci

de
nt

 t
yp

e 
2 

di
ab

et
es

 c
as

es
 (

n 
= 

13
7)

A
ge

 (
ye

ar
s)

73
.5

 ±
 2

.7
74

.1
 ±

 3
.0

73
.3

 ±
 3

.1

G
en

de
r

 
M

al
e

80
 (

46
.5

)
90

 (
52

.6
)

66
 (

48
.2

)

 
Fe

m
al

e
92

 (
53

.5
)

81
 (

47
.4

)
71

 (
51

.8
0)

R
ac

e

 
W

hi
te

11
5 

(6
6.

9)
10

3 
(6

0.
2)

65
 (

47
.5

)

 
B

la
ck

57
 (

33
.1

)
68

 (
39

.8
)

72
 (

52
.6

)

Sm
ok

in
g 

st
at

us

 
N

ev
er

77
 (

44
.8

)
70

 (
41

.2
)

58
 (

42
.3

)

 
C

ur
re

nt
21

 (
12

.2
)

18
 (

10
.6

)
11

 (
8.

0)

 
Fo

rm
er

74
 (

43
.0

)
82

 (
48

.2
)

68
 (

49
.6

)

B
M

I 
(k

g/
m

2 )
26

.4
 ±

 4
.2

28
.6

 ±
 5

.4
29

.3
 ±

 4
.6

W
ei

gh
t (

kg
)

73
.5

 ±
 1

3.
4

79
.0

 ±
 1

6.
3

80
.7

 ±
 1

4.
4

Ph
ys

ic
al

 a
ct

iv
ity

 f
ro

m
 w

al
ki

ng
+

st
ai

rs
 (

kc
al

/k
g/

w
ee

k)
7.

6 
±

 1
0.

7
5.

9 
±

 8
.0

6.
3 

±
 1

1.
0

H
A

B
C

 p
hy

si
ca

l p
er

fo
rm

an
ce

 s
um

m
ar

y 
sc

or
e

2.
3 

±
 0

.5
2.

2 
±

 0
.5

2.
2 

±
 0

.6

Se
ru

m
 c

ys
ta

tin
-C

 (
m

g/
L

)
1.

0 
±

 0
.2

1.
0 

±
 0

.2
1.

1 
±

 0
.5

O
ra

l e
st

ro
ge

n 
us

e
24

 (
14

.0
)

25
 (

14
.7

)
12

 (
8.

8)

O
st

eo
po

ro
si

s 
m

ed
ic

at
io

n 
us

e
10

 (
5.

8)
6 

(3
.5

)
3 

(2
.2

)

St
at

in
 u

se
19

 (
11

.1
)

28
 (

16
.5

)
27

 (
19

.7
)

T
hi

az
id

e 
di

ur
et

ic
 u

se
24

 (
14

.0
)

33
 (

19
.4

)
29

 (
21

.2
)

Fa
st

in
g 

se
ru

m
 g

lu
co

se
 (

m
g/

dL
)

89
.2

 ±
 6

1
98

.9
 ±

 1
0.

0
10

1.
6 

±
 1

0.
9

Fa
st

in
g 

se
ru

m
 in

su
lin

 (
μI

U
/m

L
)

7.
1 

±
 4

.0
9.

6 
±

 5
.9

10
.2

 ±
 5

.3

Fa
st

in
g 

se
ru

m
 g

lu
co

se
 2

 h
ou

r 
po

st
-G

T
T

 (
m

g/
dL

)
10

4.
0 

±
 1

9.
8

14
6.

2 
±

 2
8.

1
14

1.
3 

±
 3

4.
6

H
O

M
A

-I
R

1.
6 

±
 1

.0
2.

4 
±

 1
.6

2.
6 

±
 1

.4

H
O

M
A

-b
et

a 
(%

)
10

0.
8 

±
 5

5.
4

94
.8

 ±
 5

2.
3

10
2.

2 
±

 5
3.

2

U
nd

er
ca

rb
ox

yl
at

ed
 o

st
eo

ca
lc

in
 (

ng
/m

L
)

3.
1 

±
 2

.1
3.

0 
±

 2
.1

3.
3 

±
 2

.0

uc
O

C
 p

er
ce

nt
 o

f 
to

ta
l o

st
eo

ca
lc

in
 (

%
)

32
.4

 ±
 1

4.
4

32
.7

 ±
 1

3.
2

33
.9

 ±
 1

6.
3

To
ta

l o
st

eo
ca

lc
in

 (
ng

/m
L

)
8.

9 
±

 3
.7

8.
8 

±
 3

.8
9.

4 
±

 3
.7

J Bone Miner Res. Author manuscript; available in PMC 2023 August 21.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Babey et al. Page 17

N
or

m
og

ly
ce

m
ia

 (
n 

= 
17

2)
Im

pa
ir

ed
 g

lu
co

se
 m

et
ab

ol
is

m
 (

n 
= 

17
1)

In
ci

de
nt

 t
yp

e 
2 

di
ab

et
es

 c
as

es
 (

n 
= 

13
7)

P1
N

P 
(n

g/
m

L
)

46
.4

 ±
 2

1.
1

45
.2

 ±
 2

4.
6

51
.0

 ±
 2

6.
8

C
T

X
 (

ng
/m

L
)

0.
56

 ±
 0

.3
3

0.
54

 ±
 0

.3
1

0.
56

 ±
 0

.2
9

D
at

a 
in

 ta
bl

e 
ar

e 
pr

es
en

te
d 

as
 m

ea
n 

±
 S

D
 o

r 
n 

(%
)

J Bone Miner Res. Author manuscript; available in PMC 2023 August 21.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Babey et al. Page 18

Ta
b

le
 2

.

M
ea

n 
D

if
fe

re
nc

e 
in

 9
-Y

ea
r 

C
ha

ng
es

 in
 G

lu
co

se
 M

et
ab

ol
is

m
 M

ar
ke

rs
 p

er
 1

 S
D

 I
nc

re
as

e 
in

 B
on

e 
T

ur
no

ve
r 

M
ar

ke
rs

F
as

ti
ng

 g
lu

co
se

 (
n 

= 
34

3)
H

O
M

A
-I

R
 (

n 
= 

14
3)

H
O

M
A

-B
et

a 
(n

 =
 1

43
)

M
in

im
al

ly
 a

dj
us

te
da

M
ul

ti
va

ri
ab

le
 a

dj
us

te
db

M
in

im
al

ly
 a

dj
us

te
da

M
ul

ti
va

ri
ab

le
 a

dj
us

te
db

M
in

im
al

ly
 a

dj
us

te
da

M
ul

ti
va

ri
ab

le
 a

dj
us

te
db

P
ar

am
et

er
M

ea
n 

di
ff

er
en

ce
 in

 %
 c

ha
ng

e 
(9

5%
 C

l)
M

ea
n 

di
ff

er
en

ce
 in

 c
ha

ng
e 

(9
5%

 C
l)

M
ea

n 
di

ff
er

en
ce

 in
 c

ha
ng

e 
(9

5%
 C

l)

uc
O

C
0.

50
 (

−
1.

21
,2

.2
2)

0.
57

 (
−

1.
35

, 2
.5

0)
0.

28
 (

−
0.

04
, 0

.6
0)

0.
24

 (
−

0.
12

, 0
.5

9)
2.

88
 (

−
9.

63
, 1

5.
40

)
1.

68
 (

−
13

.2
6,

 1
6.

61
)

%
uc

O
C

0.
41

 (
−

1.
27

,2
.1

0)
0.

51
 (

−
1.

24
,2

.2
8)

0.
17

 (
−

0.
15

, 0
.5

0)
0.

17
 (

−
0.

14
, 0

.4
8)

−
0.

13
 (

−
12

.7
5,

12
.4

9)
−

3.
35

 (
−

16
.5

9,
 9

.8
9)

To
ta

l O
C

0.
71

 (
−

1.
14

,2
.5

6)
0.

67
 (

−
1.

49
, 2

.8
4)

0.
38

 (
0.

06
, 0

.6
9)

0.
28

 (
−

0.
11

,0
.6

8)
5.

51
 (

−
6.

88
, 1

7.
91

)
6.

34
 (

−
10

.2
2,

 2
2.

90
)

PI
 N

P
1.

89
 (

−
0.

70
, 4

.4
8)

2.
37

 (
−

0.
53

, 5
.2

9)
0.

09
 (

−
0.

23
, 0

.4
1)

0.
03

 (
−

0.
40

, 0
.4

6)
3.

89
 (

−
8.

57
, 1

6.
35

)
10

.2
7 

(−
7.

61
, 2

8.
14

)

C
T

X
0.

77
 (

−
1.

20
,2

.7
4)

1.
17

 (
−

0.
88

, 3
.2

3)
0.

15
 (

−
0.

17
, 0

.4
7)

0.
13

 (
−

0.
24

, 0
.4

9)
6.

81
 (

−
5.

57
, 1

9.
19

)
7.

72
 (

−
7.

56
, 2

3.
01

)

a A
dj

us
te

d 
fo

r 
ag

e,
 r

ac
e,

 g
en

de
r, 

cl
in

ic
 s

ite
, a

nd
 b

as
el

in
e 

gl
yc

em
ia

 s
ta

tu
s.

b A
dj

us
te

d 
fo

r 
va

ri
ab

le
s 

in
 th

e 
m

in
im

al
ly

 a
dj

us
te

d 
m

od
el

s 
pl

us
 b

as
el

in
e 

cy
st

at
in

-C
 a

nd
 b

as
el

in
e 

B
M

I,
 a

nd
 f

or
 th

e 
fo

llo
w

in
g 

tim
e-

va
ry

in
g 

va
ri

ab
le

s:
 s

m
ok

in
g 

st
at

us
, o

ra
l e

st
ro

ge
n 

us
e,

 o
st

eo
po

ro
si

s 
m

ed
ic

at
io

n 
us

e,
 s

ta
tin

 u
se

, t
hi

az
id

e 
di

ur
et

ic
 u

se
, a

nd
 p

hy
si

ca
l p

er
fo

rm
an

ce
 s

co
re

.

J Bone Miner Res. Author manuscript; available in PMC 2023 August 21.


	Abstract
	Introduction
	Subjects and Methods
	Health ABC participants
	Incident type 2 diabetes
	Changes in fasting glucose
	Changes in insulin resistance and beta-cell function
	Osteocalcin and other bone turnover markers
	Fasting glucose and other laboratory assays
	Covariates
	Statistical analyses
	Incident type 2 diabetes
	Changes in fasting glucose
	Changes in HOMA


	Results
	Baseline characteristics
	Incident type 2 diabetes
	Changes in fasting glucose
	Changes in HOMA-IR and HOMA-Beta

	Discussion
	Conclusion
	References
	Fig. 1.
	Fig. 2.
	Table 1.
	Table 2.



