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Background: Lower serum concentrations of the osteoblast-derived protein, osteocalcin, have been associated
with poorer glycemic control, insulin resistance and atherosclerosis, andwith the development of type 2 diabetes
(T2DM).
Methods: This study compares concentrations of twophysiological forms of osteocalcin, carboxylated (cOCN) and
uncarboxylated (unOCN), between participants with T2DM (n = 20) and age-, gender- and body mass index
(BMI)-matched participants without T2DM (n = 40) among patients with coronary artery disease (CAD), and
it explores relationships between osteocalcin concentrations and cardiovascular risk factors.
Results: Concentrations of unOCN (2.71± 1.86 vs. 4.70± 2.03 ng/mL; t=−3.635, p=0.001) and cOCN (8.70±
2.27 vs. 10.77 ± 3.69 ng/mL; t=−2.30, p=0.025) were lower in participants with T2DM. In participants with-
out T2DM, concentrations of cOCNwere associatedwith fitness (VO2Peak rho=0.317, p=0.047) and lower body
fat (rho = −0.324, p = 0.041). In participants with T2DM, lower unOCN was associated with HbA1c (rho =
−0.516, p = 0.020). Higher body mass was associated with higher unOCN (rho = 0.423, p = 0.009) in partici-

pants without T2DM, but with lower concentrations of both unOCN (rho = −0.590, p = 0.006) and cOCN
(rho = −0.632, p = 0.003) in participants with T2DM.
Conclusion: In patientswith CAD, lower osteocalcin concentrationswere related to type 2 diabetes, and to adverse
fitness, metabolic and obesity profiles.

© 2019 Elsevier Inc. All rights reserved.
1. Introduction

Type 2 diabetes (T2DM) is a chronic metabolic disease and a
major risk factor for cardiovascular morbidity and mortality. Studies
have reported lower circulating concentrations of the osteoblast-
derived protein osteocalcin in people with T2DM compared to
those without T2DM.1,2 In people with T2DM, lower circulating
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osteocalcin concentration have been associated with poorer glyce-
mic control, and with measures of atherosclerosis.3,4 It is therefore
of interest to examine how osteocalcin concentrations differ among
patients with cardiovascular disease between those with and with-
out T2DM, and which metabolic and vascular factors are related to
this difference.

Osteocalcin circulates physiologically in several carboxylation states,
two of which are reliably quantifiable in humans.5 Osteocalcin is synthe-
sized by osteoblasts and is post-translationally γ-carboxylated on three
Gla residues in a vitamin K-dependent manner to carboxylated
osteocalcin (cOCN). It is thought that cOCN has effects on bone minerali-
zation and bone turnover while attached to calcium in bone.6,7 Clinically,
lower circulating cOCN concentrations have been associated with insulin
resistance, suggesting the need to evaluate these relationships in people
both with and without T2DM.8,9 In a meta-analysis of studies including
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measures for both serum osteocalcin and body mass index (BMI), circu-
lating osteocalcin concentrations were significantly associated with
BMI.10When studies were subgrouped bymetabolic profile, the relation-
ship between these twovariableswas driven by subgroups of participants
with “metabolic syndrome”, providing rationale for investigating groups
of people with and without T2DMmatched for BMI.10

In mice, decarboxylated osteocalcin is hormonally active, conferring
widespread endocrine functions, including stimulation of β-cell prolif-
eration, increasing insulin sensitivity in target tissues, and regulating
fat mass.6,11,12 In humans, these activities have yet to be substantiated;
however, the fully uncarboxylated species (unOCN) has been associated
with β-cell function among men with impaired glucose tolerance, pre-
diabetes or T2DM.9,13 Studies of older men with and without T2DM re-
ported associations between unOCN and insulin sensitivity,14 and with
risk of T2DM.15 The unOCN form in particular has also been related to
cardiovascular disease in participants with and without T2DM.16 In
those with T2DM, unOCN, but not cOCN, was significantly correlated
with measures of dyslipidemia.17

Differences in circulating osteocalcin concentrations, with carboxyl-
ation state-specific measurements, between well-matched groups of
participants with and without T2DM, remain scarce. Some studies
have provided analyses comparing osteocalcin species in participants
with different measures of the metabolic syndrome,17–19 but none
have included well matched T2DM and non-T2DM groups. Moreover,
it remains unknown to what extent these species are related to varying
cardiovascular risk profiles in T2DM and non-T2DM populations. Here
we compare both cOCN and unOCN between people with and without
T2DM, all of whom have symptomatic coronary artery disease (CAD).
Second, the study explores the relationships between cardiovascular
risk factors and circulating osteocalcin concentrations within the
T2DM and non-T2DM groups specifically.

2. Methods

2.1. Participants

This retrospective study included 60 participants whowere enrolled
in a year-long exercise-based cardiac rehabilitation program at the Uni-
versity Health Network Toronto Rehabilitation Institute Cardiac Rehab
Program. Twenty participants with T2DM were matched 2:1 for age,
gender and BMI category to 40who did not have T2DM. All participants
had CAD as indicated by referral for myocardial infarction, cardiac stent,
coronary artery bypass graft, or angiographic evidence of ≥50% blockage
in at least one major coronary artery.20 Identification of participants
with diagnosed T2DM (HbA1c N 6.4%, FBG N 7 mmol/L) was completed
through clinical chart review. Those in the non-T2DM group did not
have a clinical diagnosis of T2DM, use any anti-diabetic medications,
or have an HbA1c over 6.4%. Any participants with acute medical ill-
nesses, neurodegenerative or neuropsychiatric diagnoses, active cancer,
bone disease or pregnancy were excluded. Participants were screened
using the standardized Mini Mental State Exam to exclude those with
cognitive impairment; those with scores of b24 were excluded.21

2.2. Demographics & clinical characteristics

Sociodemographic information andmedical history, includingmeta-
bolic disease, cardiac factors and medications were collected through
participant interviews and chart review. The number of main coronary
arteries blocked, and percentage of blockage within those arteries, was
recorded from clinical angiograms asmeasures of CAD severity. Anthro-
pometric data including weight, height, and BMI, were collected from
medical records. Body fat percentage was measured by bioelectric
impendence.22 Insulinwasmeasured using an enzyme-linked immuno-
sorbent assay (ELISA; ab200011 Abcam, Toronto, ON, Canada) and glu-
cose was measured using a standard glucometer (Bayer, Mississauga,
ON, Canada). Homeostatic model of insulin resistance (HOMA-IR) was
calculated using the formula: [fasting insulin (μU/L) × fasting glucose
(nmol/L)] / 22.5.23 HbA1c, cholesterol and triglycerides were assessed
by standard lab testing at Sunnybrook Health Sciences Centre.

A cardiopulmonary fitness test was performed to determine peak
oxygen uptake (VO2Peak). The standardized symptom-limited graded
exercise stress test was performed using a cycle ergometer (Ergoline
800 EL, Ergoline, Bitz, Germany). A calibrated metabolic cart (Vmax En-
core, SensorMedics, California) was used to collect breath-by-breath
gas samples to determine VO2Peak, which was standardized to body
mass (mL/kg/min) to yield a highly reliable and reproducible measure
of fitness.24

2.3. Osteocalcin measurements

This study measured fasting morning carboxylated osteocalcin
(cOCN; glutamic acid residues at positions 17, 21 and 24 are carboxyl-
ated), and uncarboxylated osteocalcin (unOCN; none of the three
glutamic acid residues carboxylated). Fasting blood was drawn
(0900 h ± 30 mins) and collected blood samples were centrifuged at
4 °C, 1000 rpm for 10 min. Serum was separated and stored at −80 °C
until assayed. Serum concentrations of unOCN (Glu-OC MK118 Takara
Bio) and cOCN (Gla-OC MK111, Takara Bio, Kusatsu, Japan) were quan-
tified by ELISA.

2.4. Statistical analyses

Differences between groups with and without T2DM were tested
with independent samples t-tests. In order to explore potential con-
founders, participant characteristics were compared between those
with T2DM and those without using an independent samples t-test for
continuous measures or a chi-squared test for categorical measures,
and relationships between participant characteristics and serum
osteocalcin measures were assessed using non-parametric tests
(Spearman's rho or Mann-Whitney U tests) because they are less sensi-
tive to possible outlier effects in small sample sizes. Potential con-
founders thus identified were included in analyses of covariance
(ANCOVA) to test the independent effect of T2DMon serumosteocalcin
concentrations.

A sample size of 20 cases and 40 controls provides 95% power (1-β
error probability) to detect an effect size (d) of at least 1.0 in the differ-
ence of two independentmeans at a two-tailed error probability of 0.05.

We explored relationships between osteocalcin types and clinical
characteristics in subgroups with and without T2DM using non-
parametric tests. Post-hoc models were run in subgroups not using an
insulin preparation. We assessed interactions between T2DM and par-
ticipant characteristics in predicting osteocalcin concentrations as inter-
action terms in ANCOVA models.

3. Results

3.1. Participant characteristics

Characteristics of the 20 participants with T2DM and of the 40 with-
out T2DM are reported in Table 1. Participants with T2DM had signifi-
cantly different metabolic, fitness and lipid profiles compared to
participants without T2DM (Table 1).

3.2. Differences in serum osteocalcin concentrations between T2DM and
non-T2DM groups

Concentrations of both unOCN (2.71 ± 1.86 vs. 4.70 ± 2.03 ng/mL;
t = −3.635, p = 0.001) and cOCN (8.70 ± 2.27 vs. 10.77 ±
3.69 ng/mL; t = −2.30, p = 0.025) were lower in participants with
T2DM compared to participants without T2DM (Fig. 1).

Differences in unOCN (F = 9.573, p = 0.003) but not cOCN (F =
1.843, p = 0.181) persisted in a model adjusted for HOMA-IR. In a



Table 1
Participant characteristics.

T2DM
(n = 20)

No T2DM
(n = 40)

Chi-square or t p

Sociodemographic
Gender (% female) 20% 20% 0.000 N0.999
Age (years) 63.0 ± 6.7 63.0 ± 6.1 0.001 0.999
Ethnicity % 6.170 0.187
Caucasian 74% 90%
Arab/Middle-Eastern 0% 3%
Asian 5% 5%
South Asian 16% 3%
Black/African American/Afro-Caribbean 5% 0%

Vascular factors %
MI 55% 48% 0.300 0.584
CABG 45% 28% 1.838 0.175
PCI 55% 58% 0.034 0.854
Valvular heart disease 5% 8% 0.134 0.714
Congestive heart failure 5% 3% 0.259 0.611
Hypertension 100% 95% 1.034 0.309
VO2Peak (mL/kg/min) 17.2 ± 5.2 20.8 ± 5.3 −2.492 0.016
Smoking history 2.035 0.362
Never smoked 40% 43%
Current smoker 5% 0%
Quit smoking 55% 58%

No. coronary arteries involved 2.35 ± 0.70 3.29 ± 7.42 0.519 0.606
Cumulative stenosis 169.84 ± 58.66 139.00 ± 54.07 −1.693 0.098

Metabolic function
Fasting glucose (mmol/L) 7.38 ± 2.40 5.06 ± 0.56 4.264 b0.001
Fasting insulin (pmol/L) 79.51 ± 74.77 35.79 ± 31.73 2.487 0.021
HOMA-IR 5.15 ± 6.39 1.32 ± 1.13 2.650 0.015
HbA1c (%) 6.90 ± 0.90 5.61 ± 0.30 6.112 b0.001
LDL (mmol/L) 1.29 ± 0.72 1.59 ± 0.57 1.770 0.082
HDL (mmol/L) 1.17 ± 0.28 1.38 ± 0.39 2.095 0.041
Triglycerides (mmol/L) 1.45 ± 0.71 1.07 ± 0.49 −2.418 0.019

Obesity measures
BMI (kg/m2) 32.7 ± 6.7 30.8 ± 4.7 1.149 0.260
Body fat % 37.8 ± 16.7 33.2 ± 8.2 1.145 0.162
Body mass (kg) 96.0 ± 22.1 90.3 ± 15.9 1.138 0.260

Medications
Statin 100% 100% – –
Anti-platelet 95% 95% 0.000 N0.999
Beta blocker 85% 85% 0.000 N0.999
Antihypertensive 90% 68% 3.600 0.058
Metformin 70% 0% 36.522 b0.001
Calcium channel blocker 35% 13% 4.219 0.040
Vasodilator 30% 33% 0.039 0.844
Insulin 30% 0% 13.333 b0.001
Diuretic 25% 20% 0.196 0.658

Entries in bold are significantly different at an uncorrected p-value b 0.05.
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model adjusted for fasting blood insulin only unOCN (F = 10.858, p =
0.002) but not cOCN (F = 1.473, p = 0.230) differed between T2DM
and non-T2DM groups. In a model adjusted for fasting blood glucose
concentrations, unOCN differed between groups (F = 5.530, p =
0.022) but cOCN did not (F = 3.445, p = 0.069). In a model adjusted
for HbA1c neither unOCN (F = 2.304, p = 0.135) nor cOCN (F =
3.092, p = 0.084) differed between groups.

Differences in unOCN and cOCN persisted when adjusting for levels
of HDL cholesterol (unOCN, F = 13.435, p = 0.001; cOCN, F = 5.018,
p= 0.029), but only the difference in unOCN persisted when adjusting
for triglycerides (unOCN, F = 10.313, p= 0.002; cOCN, F = 2.952, p=
0.091).

In a post-hoc subgroup analysis of those not using an insulin prepa-
ration, unOCN (F = 6.954, p = 0.011) but not cOCN (F = 2.616, p =
0.112) differed between T2DM and non-T2DM groups. This result
persisted in models adjusted for HOMA-IR (unOCN, F = 9.829, p =
0.003; and cOCN F=0.992, p=0.325), fasting blood insulin concentra-
tions (unOCN, F = 8.574, p = 0.005; and cOCN F = 0.831, p = 0.367)
and fasting blood glucose (unOCN, F = 5.822, p = 0.020; and cOCN
F = 3.681, p = 0.061), but not in a model adjusted for HbA1c
(unOCN, F = 2.163 p = 0.148; and cOCN F = 2.962, p = 0.091).

3.3. Associations between participant characteristics and osteocalcin con-
centrations in groups of participants with and without T2DM

In participantswith T2DM, both unOCNand cOCNwere negatively as-
sociatedwith BMI (Table 2 & Figs. 2A and 3A, respectively; unOCN, rho=
−0.538, p = 0.014; cOCN, rho = −0.556, p = 0.011) and body mass
(Table 2 & Figs. 2B and 3B; unOCN, rho = −0.590, p = 0.006; cOCN,
rho=−0.632, p=0.003). In participants with T2DM, unOCNwas asso-
ciated with metabolic parameters, specifically HbA1c (Table 2 & Fig. 2D;
rho = −0.516, p = 0.020), but cOCN was not (Table 2 & Fig. 3D;
rho =−0.389, p= 0.090; and rho = 0.108, p= 0.651, respectively).

In participants without T2DM, cOCNwas negatively associated with
body fat percentage (Table 2 & Fig. 3C; rho = −0.324, p = 0.041) and
positively associated with VO2Peak (Table 2 & Fig. 3E; rho = 0.317,
p = 0.047). In participants without T2DM, unOCN was positively asso-
ciated with body mass (Table 2 & Fig. 2B; rho = 0.423, p = 0.009).
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Fig. 1. Differences in (A) serum cOCN and (B) unOCN between participant groups with and without T2DM.
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4. Discussion

In thepresent study, concentrations of both cOCNandunOCNwere sig-
nificantly lower in a groupof CADpatientswith T2DMcompared to awell-
Table 2
Associations between participant characteristics and osteocalcin concentrations in groups of pa

T2DM (n = 20)

cOCN unOCN

Rho or U p Rho or U

Sociodemographic
Age (years) 0.113 0.635 0.112
Gender (% female) −0.054 0.820 −0.152

Vascular factors %
MI 48.0 0.909 46.0
CABG 41.5 0.543 24.0
PCI 40.5 0.494 40.0
Valvular heart disease 4.0 0.340 9.0
Congestive heart failure 9.000 0.931 6.000
Hypertension – – –
VO2Peak −0.186 0.432 −0.163
No. coronary arteries involved 0.067 0.799 0.469
Cumulative stenosis 0.250 0.409 0.302

Metabolic function
Fasting glucose (mmol/L) 0.109 0.647 −0.348
Fasting insulin (pmol/L) −0.386 0.093 −0.338
HOMA-IR −0.389 0.090 −0.444
HbA1C (%) 0.108 0.651 −0.516
LDL (mmol/L) 0.355 0.125 0.032
HDL (mmol/L) 0.239 0.310 0.114
Triglycerides (mmol/L) −0.420 0.065 −0.358

Obesity measures
BMI (kg/m2) −0.556 0.011 −0.538
Body fat % −0.290 0.215 −0.360
Body mass (kg) −0.632 0.003 −0.590

Medications
Metformin 25.000 0.161 39.000
Statin – – –
Anti-platelet 3.000 0.259 9.000
Beta blocker 25.000 0.958 21.000
Antihypertensive 12.000 0.450 15.000
Metformin 25.000 0.161 39.000
Calcium channel blocker 44.000 0.905 43.000
Vasodilator 41.000 0.934 38.000
Insulin 32.000 0.409 23.000
Diuretic 29.000 0.458 24.000

Entries in bold are significantly different at an uncorrected p-value b 0.05.
matched group of CAD patients without T2DM. These results add to previ-
ous reports of lower total osteocalcin concentrations in T2DMcompared to
controls,17,18,25 and to a previous report of lower cOCN and unOCN
concentrations in T2DM in a population with high cardiovascular risk.19
rticipants with and without T2DM.

No T2DM (n = 40)

cOCN unOCN

p Rho or U p Rho or U p

0.638 −0.206 0.203 0.096 0.573
0.523 −0.222 0.169 −0.129 0.446

0.790 176.000 0.524 138.000 0.316
0.053 142.000 0.596 84.000 0.081
0.470 183.000 0.732 102.000 0.065
0.931 20.000 0.068 28.000 0.638
0.544 2.000 0.130 18.000 N0.999
– 3.000 0.030 31.000 0.788
0.492 0.317 0.047 −0.115 0.497
0.058 0.135 0.454 −0.056 0.760
0.316 −0.043 0.814 0.333 0.067

0.132 −0.035 0.832 0.219 0.193
0.145 −0.207 0.239 0.142 0.448
0.050 −0.266 0.129 0.208 0.262
0.020 −0.111 0.495 0.291 0.080
0.895 −0.095 0.562 0.032 0.853
0.631 −0.095 0.559 −0.091 0.590
0.121 −0.193 0.233 0.051 0.767

0.014 −0.249 0.121 0.312 0.060
0.119 −0.324 0.041 0.132 0.435
0.006 −0.241 0.134 0.423 0.009

0.805 – – – –
– – – – –
0.931 0.000 0.018 13.000 0.640
0.634 75.000 0.306 88.000 0.837
0.705 125.000 0.145 156.000 1.000
0.805 – – – –
0.843 71.000 0.500 71.000 0.689
0.741 151.000 0.479 134.000 0.484
0.117 – – – –
0.239 110.000 0.543 63.000 0.216

Image of Fig. 1
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Fig. 2.Relationships between serumunOCN concentrations and clinical characteristics of thosewith andwithout T2DM. For obesitymeasures, therewere significant interactions between
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Controlling for differences in metabolic parameters (fasting insulin,
fasting glucose, and HOMA-IR) rendered the difference in cOCN be-
tween T2DM and non-T2DM groups non-significant. Although differ-
ences in unOCN persisted in these models, neither unOCN nor cOCN
differed between participant groups when accounting for HbA1c.
Glycated hemoglobin is an advanced glycated end product (AGE), a
lipid or protein that is glycated in response to exposure to sugars, such
as the hyperglycemic environment in T2DM. AGEs are associated with
increased osteoclastogenesis and increased bone resorption26,27 as
well as decreased osteoblast differentiation28 and they are proposed

Image of Fig. 2


5

10

15

20

20 25 30 35 40
BMI (kg/m^2)

cO
C

N
 (

n
g

/m
L

)
T2DM

No

Yes

5

10

15

20

75 100 125
Body mass (kg)

cO
C

N
 (

n
g

/m
L

)

T2DM

No

Yes

5

10

15

20

20 30 40 50
Body fat (%)

cO
C

N
 (

n
g

/m
L

)

T2DM

No

Yes

5

10

15

20

0.05 0.06 0.07 0.08 0.09
HbA1c (mmol/mol)

cO
C

N
 (

n
g

/m
L

)

T2DM

No

Yes

5

10

15

20

10 15 20 25 30
VO2peak (ml/min/kg)

cO
C

N
 (

n
g

/m
L

)

T2DM

No

Yes

A B

C D

E

Fig. 3. Relationships between serum cOCN concentrations and clinical characteristics of those with and without T2DM. There were consistent trends for the obesity measures, BMI (A),
body mass (B) and body fat (C) to be associated with lower cOCN concentrations, and these trends were consistent between groups with and without T2DM (no significant
interactions). There was no significant interaction between HbA1c (D; F = 0.470, p = 0.496) and T2DM in their relationships with cOCN concentrations. No significant interaction
between VO2Peak and T2DM was identified in their relationships with cOCN (E; F = 2.972, p= 0.090), although VO2Peak was associated with cOCN only in those without T2DM.

395L. Darwish et al. / Journal of Diabetes and Its Complications 33 (2019) 390–397
to mediate changes in vascularization of bone in T2DM.29,30 Decreased
osteoblast differentiation could contribute to decreased circulating con-
centrations of cOCN in T2DM. It is therefore possible that lower
osteocalcin concentrations, particularly cOCN, are consequential of im-
paired bone homeostasis due to hyperglycemia in T2DM. In some pop-
ulations, in adjusted models, serum osteocalcin is an independent
predictor of obesity and metabolic function potentially implying a
causal relationship.31 Low osteocalcin could potentially causemetabolic
deficits and, although not substantiated here, a pathogenic cycle might
be hypothesized.

Thefinding that lower unOCN concentrationswere associatedwith el-
evated HbA1c expand on previous reports of associations between lower
total osteocalcin and HbA1c,17,32,33 and confirm associations with lower
unOCN specifically.14,34 Elevated HbA1c is associated with cardiovascular

Image of Fig. 3
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mortality both in peoplewith andwithout diabetes, suggesting the possi-
bility to examine unOCN too as a potential marker of cardiovascular out-
comes in patients with CAD.35

In participants with T2DM, lower unOCN was also associated with
poorer insulin sensitivity as measured by HOMA-IR. The result is
broadly consistent with the hypothesis that insulin resistance would
be associated with lower serum osteocalcin, because osteoblast insulin
signaling increases cOCN production in mice, and therefore insulin re-
sistance may impair cOCN production and unOCN release.36 Although
the results do not speak directly to a mechanism, the ability to maintain
bone homeostasis in T2DM is clinically important, as people with T2DM
are at increased fracture risk despite normal or elevated bone mineral
density.37

Higher cOCN concentrations were associated with higher VO2Peak, a
reliable measure of cardiopulmonary fitness. An association between
total osteocalcin and VO2Peak has been previously reported among
athletes,38 but the relevant carboxylation state was not identified.
Here, only cOCN was associated with VO2Peak, suggesting a new per-
spective on the relationship between bone metabolism and fitness. In
animals, restoring genetic deficiency in osteocalcin increased O2

uptake12 but no clear effects of osteocalcin on oxidative metabolism or
respiratory function have been described in humans. In the present
study, it is possible that those with a higher VO2Peak were performing
more exercise, and therefore they had higher bone turnover and ele-
vated serum cOCN concentrations. Moreover, the association between
VO2Peak and cOCNwas found only in peoplewithout T2DM. It is possible
therefore, that impairment of osteoblast function by insulin resistance
or accumulation AGEs in bone matrix might impair cOCN synthesis,
even with exercise, in those with T2DM. While this study does not
speak to potential mechanisms, given that lower VO2Peak is an indepen-
dent risk factor for poor cardiovascular outcomes and mortality among
CAD patients, relationships between fitness and cOCN should be inves-
tigated further.

The observed relationships between lower cOCN and BMI, percent-
age body fat and body mass are also novel since previous studies have
reported either total osteocalcin39 or unOCN as the species related to
thesemeasures.40,41 A relationship between BMI and serumosteocalcin
has been reported in a meta-analysis, with the strongest correlation be-
tween these two variables being found among studies of those with
"metabolic syndrome".10 Our findings further clarify this by describing
an interaction between T2DM and BMI in explaining unOCN concentra-
tions. Higher body mass provides higher mechanical stress on the
skeleton,42 inducing an adaptive increase in bone remodelling,43

which might explain an increase in unOCN with BMI in those without
T2DM. However, in T2DM higher BMI was associated with lower con-
centrations of both cOCN and unOCN, which could indicate that com-
promised bone turnover, in combination with other factors such as
hyperglycemia, AGEs, insulin resistance or insulin injection, may impair
bone response to mechanical stress.

As a potential limitation, duration of diabetes was not controlled for;
however, while osteocalcin can increase in some early stage T2DM
cases,44 differences between T2DMandnon-T2DMgroups persisted. Al-
though the study was gender-matched, women were under-
represented in the present cohort as is common in cardiac rehabilitation
populations,45 and so results may not generalize to women. Longitudi-
nal studies will be needed to determine relationships between
osteocalcin and T2DM and CAD outcomes over time. The use of antidia-
betic medications in the T2DM group are potential confounders; how-
ever, results were largely consistent in a subgroup not using insulin,
and although metformin may increase osteocalcin levels due to its acti-
vation of pathways promoting osteoblast differentiation,46 differences
between groups persisted. As a further limitation, bone density and
bone quality were not assessed; however, participants with bone dis-
ease were excluded. Finally, although cOCN and unOCN may be clini-
cally meaningful markers, osteocalcin can be hormonally active in
mice when decarboxylated at specific residues, and these partially
decarboxylated species cannot yet be assessed readily in people. In the
present study, small sample sizes precluded meaningful investigation
of relationships between osteocalcin concentrations and participant
characteristics shared by very few participants (e.g. without hyperten-
sion, using antiplatelet therapies). Additionally, lack of vitamin K mea-
surements in our participants is a limitation as this may relate to the
circulating proportion of unOCN, as shown in people given vitamin K
supplements.47

Here, we describe carboxylation state specific associations between
lower osteocalcin concentrations and adverse cardiovascular risk pro-
files in people with CAD. Lower cOCN was related to poorer fitness
and obesity parameters and unOCNwas related primarily to differences
between those with and without T2DM, and to metabolic parameters
and glycemic control within the T2DM group. Previously osteocalcin
has been related to both T2DM and CAD. Here both unOCN and cOCN
concentrations were significantly lower in CAD patients with T2DM
compared to a well matched group of CAD patients without T2DM, al-
though these differences were not independent of HbA1c. Further in-
vestigation of osteocalcin dysregulation in T2DM and its relationship
with cardiovascular risk factors in people with and without T2DM are
warranted, as are further studies to assess the clinical utility of serum
osteocalcin concentrations as predictors of cardiovascular outcomes in
patients with CAD.
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