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Abstract 

Acute exercise improves insulin sensitivity for hours after the exercise is ceased. The skeleton contributes to 

glucose metabolism and insulin sensitivity via osteocalcin (OC) in its undercarboxylated (ucOC) form in mice. 

We tested the hypothesis that insulin sensitivity over the hours following exercise is associated with circulating 

levels of ucOC. Eleven middle-aged (58.1±2.2year mean±SEM), obese (BMI=33.1±1.4kg·m-2) non-diabetic 

men completed a euglycaemic-hyperinsulinaemic clamp at rest (Rest-Control) and at 60 min post-exercise (44 

min of cycling at 95% of HRpeak). Insulin sensitivity was determined by glucose infusion rate relative to body 

mass (GIR, ml·kg-1·min-1) as well as GIR per unit of insulin (M-value). Blood samples and 5 muscle biopsies 

were obtained; two at the Resting-control session, one before and one after clamping, and three in the Exercise 

session, at rest, 60min post-exercise and after the clamp. Exercise increased serum ucOC (6.4±2.1%, p= 0.013) 

but not total OC (p>0.05). Blood glucose was 6% lower and insulin sensitivity was 35% higher post-exercise 

compared with control (both p<0.05). Phosphorylated (P)-AKT (Ak thymoma) was higher after exercise and 

insulin compared to exercise alone (no insulin) and insulin alone (no exercise, all p<0.05). In a multiple-linear 

regression including BMI, age and aerobic fitness, ucOC was associated with whole body insulin sensitivity at 

rest (=0.59, p=0.023) and post-exercise (= 0.66, p=0.005). Insulin sensitivity, following acute exercise, is 

associated with circulating levels of ucOC in obese men. Whether ucOC has a direct effect on skeletal muscle 

insulin sensitivity after exercise is yet to be determined.  
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Introduction 

Exercise is important for the prevention and management of type 2 diabetes (T2DM). Even a single bout of 

exercise increases insulin sensitivity for hours after exercise is ceased (1, 2).  This increase in sensitivity occurs in 

skeletal muscle, a major site for glucose disposal.  Glucose disposal rate increases during and after exercise, 

even in those with elevated body mass and poorer glycaemic control (3). However, the factors responsible for 

this increase in insulin sensitivity post-exercise are not completely understood (4). 

Recent work suggests that the skeleton is an endocrine organ that participates in glucose homeostasis (5, 6). 

Osteocalcin (OC) is an osteoblast-specific product that is secreted into the bone extracellular matrix and the 

general circulation and reflects bone remodeling (7). In murine models, the undercarboxylated form of OC 

(ucOC) stimulates -cell proliferation and insulin secretion and ucOC-deficient mice are obese, glucose 

intolerant and have features of T2DM (6). In humans, ucOC, and OC, are also correlated with insulin sensitivity, 

fasting glucose, fat mass and muscle strength (8-11). Moreover, serum ucOC is associated with improved glucose 

tolerance in middle-aged men, an effect that may be related to enhanced -cell function (12).  In addition, acute 

exercise increases ucOC, and this increase in ucOC is related to a reduction in serum glucose levels in obese 

men (13).  It is unclear whether increases in ucOC, are related with improvement in whole body insulin 

sensitivity post-exercise, nor whether serum ucOC levels predict changes in skeletal muscle insulin signalling 

including AKT and AS160. Akt and its 160 kDa substrate (AS160) are downstream proteins in the 

phosphatidylinositol 3-kinase (PI3-K) pathway and may be a convergence point between the pathways 

regulating insulin- and contraction-stimulated GLUT-4 translocation (14, 15).    

The aim of this study was tested the hypothesis that in obese men, insulin sensitivity following exercise is 

related to the circulating levels of ucOC. 

Materials and Methods   

Participants: Eleven middle-aged (58.1±2.2year mean±SEM, range 40-70 years), obese (BMI=33.1±1.4kg·m-2) 

non-diabetic men participated in the study (Table 1). Power and precision software was used to calculate the 

needed sample size (power of 80%, alpha=0.05) to detect changes (>6%) in serum ucOC following acute 

aerobic exercise (13). We excluded men with bone disease, men taking anti-hyperglycaemic medications or 

medications known to affect bone metabolism, insulin secretion or insulin sensitivity, musculoskeletal or other 
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conditions that prevent daily activity, men with symptomatic or uncontrolled metabolic or cardiovascular 

disease, or receiving warfarin or vitamin K supplementation. 

Each participant was given written and verbal explanations about the study before signing an informed consent 

form. The study protocol was approved by the Human Research Ethics Committee, Victoria University.  

Study protocol: Participants underwent anthropometric measurements, assessment of their aerobic power 

(VO2peak) and a fasting blood test. Participants also completed two sessions of 2h euglycaemic-

hyperinsulinaemic clamp (insulin clamp), once at rest (Rest-Control) and once commenced 60 min after acute 

bout of exercise (post-exercise). During the two insulin clamp sessions five muscle biopsies were obtained 

from each participant (Figure 1). 

A blood sample was collected following overnight fast. Blood was analysed at Austin Health (Melbourne, 

Australia) pathology using the standard hospital assay protocols for triglyceride, high-density lipoprotein 

(HDL), glucose, HbA1c and insulin.  

Blood pressure was measured using a standard mercury sphygmomanometer after the participant had rested in a 

seated position for at least 15 min.  

Weight was measured using a scale (TANITA, Tanita Corporation, Tokyo, Japan).  

Aerobic power (VO2peak) was assessed during a sign and symptom-limited graded exercise test as described (16). 

VO2 for each 15 sec interval was measured by gas analysis (Medgraphics, Cardio2 and CPX/D System with 

Breezeex Software, 142090-001, Revia, MN, USA) that was calibrated before each test.  

Experimental sessions: a diagram of the two experimental sessions is illustrated in Figure 1. Participants 

attended our laboratory twice for the experimental trials, at 8am after an overnight fast. In the day prior to the 

experiment volunteers were asked to consume around 300g of carbohydrate, to avoid glycogen depletion. The 

two experimental trials (Control-Rest or exercise) were conducted 3-5 weeks apart.  

Control-Rest session, to determine the basal (rest) insulin sensitivity as well as resting levels of OC and ucOC. 

Euglycemic-hyperinsulinemic clamp (insulin clamp) was performed at rest as was reported previously (17, 18). 

Briefly, the clamps were performed after an overnight fast. Venous blood samples, heated arm vein, were 

collected prior and during each session. Insulin (Actrapid; Novo Nordisk, Bagsvaerd, Denmark) was infused at 

40mU.m-2 per minute for 120 minutes generating an elevated, stable insulin concentration in the last 30 minutes 
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of both sessions (Rest-control: 70.5±7.4 mIU·L-1 and Exercise 67.1±6.2 mIU·L-1, p<0.001 compared to 

baseline levels) confirming a hyperinsulinemic state (> 24.9μU·mL-1). Insulin sensitivity was assessed by the 

glucose infusion rate (GIR, mg·kg-1·min-1) during the last 30 minutes of the insulin-stimulated period and the 

GIR per unit of insulin (M-Value) (19). During both hyperinsulinemic-euglycemic clamps sessions, exogenous 

glucose was variably infused to achieve the target blood glucose of 5mmol/L for the duration of the clamp, 

using variable infusion. Glucose was assessed every 5 min during the clamp (YSI2300 STAT Plus™ Glucose 

& Lactate Analyser, Australia). Two muscle biopsies were taken during this session, one before and one after 

the insulin clamp.  

In the second session, an insulin clamp following an acute high intensity bout of exercise was performed. 

Participants were supine and a resting blood sample and resting muscle biopsy were taken. After the initial 

blood sampling and muscle biopsy participants performed 30 minutes of high intensity interval exercise that 

included one warm-up set of 4 min of exercise at approximately 50-60% of HRpeak followed by 4 sets (bouts) of 

4 min each at 90-95% of HRpeak. The high intensity intervals were separated by 2 min of ‘active’ recovery 

(cycling at a lower intensity (50-60% of peak). Blood samples were obtained immediately post-exercise and at 

30 and 60 min post-exercise to identify the peak change in OC and ucOC, glucose and insulin. The insulin 

clamp commenced 60 min post-exercise and it was performed as described in Session 1. Additional muscle 

biopsies were taken before and after the insulin clamp. Overall, 3 muscle biopsies were taken during session 2, 

at rest, 60 min post-exercise and post-insulin clamp.  

Muscle biopsies. Muscle Samples were obtained from the vastus lateralis under local anaesthesia (Xylocaine 

1%), utilizing the percutaneous needle biopsy technique with suction (20). The samples were immediately frozen 

in liquid nitrogen and were then stored at –80ºC until analysis. 

Serum osteocalcin and undercarboxylated osteocalcin: Total serum OC was measured using an automated 

immunoassay (Elecsys 170; Roche Diagnostics). This assay has a sensitivity of 0.5μg·L-1, with an intra-assay 

precision of 1.3%. Serum ucOC was measured by the same immunoassay after adsorption of carboxylated OC 

on 5mg/mL hydroxyl-apatite slurry, following the method described by Gundberg et al. (21). The ucOC values 

on these samples of 6.0-35.6μg·L-1 and %unbound osteocalcin between 38.1-51.4% are in keeping with the 

original assay validation. The inter-assay CV for total OC is 8.3% and the inter-assay CV for ucOC is 5.7%.  
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Western blots: 3-4 mg of freeze dried skeletal muscle was homogenised with 150 µL/mg of homogenising 

buffer (137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 20 mM Tris, 1 mM EDTA, 5 mM Na pyrophosphate, 10 

mM NaF, 1 % Triton X-100, 10 % Glycerol, 200  µM PMSF, 0.5 mM Na4VO3, 1 mM Benzamidine and 0.1 % 

protease inhibitor cocktail). Samples were rotated for 1 hour at 4 °C, centrifuged at 15000g (4 °C) for 15 

minutes and the supernatant was collected. Protein content was determined using the Bradford Assay (Bio-Rad 

laboratories, Hercules, CA, USA) as per the manufacturer’s instructions. All samples were diluted to a standard 

concentration of 2 µg/µl using 4 x Laemmli buffer (containing 8 µL β-mercaptoethanol per 100 µL of Laemmli 

buffer) and homogenising buffer. Total protein (25 µg) of each sample was loaded onto 7.5% Criterion™ 

TGX™ Gels and run for 45 minutes at 200 V. Samples were electroblotted (Criterion™ Blotter With Wire 

Electrodes) onto PVDF (0.45 mm pore) membrane in TOWBIN transfer buffer (25 mM Tris, 192 mM Glycine, 

20% Methanol, 0.1% SDS and pH 8.3) for 80 min at 100 V. Membranes were blocked with Tris-Buffered 

Saline-Tween (TBST: 0.1 M Tris Base, 1.5 M NaCl, 0.1% Tween-20) and 5% skim milk for 1 hour and then 

washed (5 x 8 minutes) with TBST. Membranes were incubated at 4 °C overnight with the following primary 

antibodies: Phospho-Akt (Ser473), Akt, AS160, Phospho-AS160 (Thr642) (Cell Signaling Technology, 

Danvers, MA) and α -Tubulin (Abcam, Cambridge, UK). After incubation membranes were washed with 

TBST, incubated for 1 hour at room temperature with appropriate dilutions of horseradish peroxidase 

conjugated secondary antibodies, re-washed and then exposed to Clarity™ Western ECL Substrate (Bio-Rad) 

for 1 minute. Membranes were scanned using a VersaDoc™ Imaging System (Bio-Rad) and densitometry 

analysed using Quantity One software (Bio-Rad). All densitometry values were then expressed relative to a 

pooled internal standard and a corresponding α-tubulin loading control from the equivalent sample lysate. 

 

Statistical analyses 

Changes from pre-to-post exercise within each trial and between trials were analysed by paired t-tests. The 

insulin signalling proteins AKT and AS160 (total and phosphorylated) were analysed using general linear 

model ANOVA with Bonferroni correction. Multi-linear regression model with ucOC, age, BMI and aerobic 

fitness were used to  determine association with insulin sensitivity. All data are reported as mean ± standard 

error of mean (SEM) and all statistical analyses were conducted at the 95% level of significance (p≤0.05). 



7 
 

Results 

The characteristics of participants are shown in Table 1. Blood glucose, insulin, tOC and ucOC were similar at 

baseline between the Rest-Control and Exercise sessions (all p>0.05, Table 2). At rest, in a multi-linear 

regression model that included ucOC, BMI, age and aerobic fitness has shown that both ucOC and BMI, but not 

age or aerobic fitness, were associated with resting insulin sensitivity (GIR, mg·kg-1·min-1, =0.59, p=0.023, = 

-0.89 p=0.003 respectively). 

 

Effects of exercise 

Exercise intensity during the session was 95.1±1.9% of HRpeak. The mean rate of perceived exertion was 

16.3±0.4 (rating range 6-20). Exercise increased the circulating ucOC (10.6±0.8 to 11.2 ng/ml p<0.05) and 

ucOC/OC ratio (58.9±2.0 to 62.1±1.9%, p=0.023) but not tOC (p>0.05, Figure 2). Blood glucose decreased 

(from 5.3± 0.3 to 5.0±0.3, p<0.05, Figure 3) during the 60 min post-exercise, without change in serum insulin 

(13.8±1.9 to 12.4±2.4 mIU/L, p=0.33).  

The glucose infusion rate (GIR, mg·kg-1·min-1) needed to maintain blood glucose levels at 5mmol·L-1 and the 

GIR per unit of circulating insulin (M-value), both measures of insulin sensitivity, were higher 3h post-exercise 

compared with the Rest-Control session (p<0.05, Figure 3). 

There was no significant change in total AKT (Figure 4A) and total AS160 (Figure 4C) after any treatment 

(after a resting insulin clamp, after exercise alone and after exercise and insulin clamp p>0.05). At rest, p-AKT, 

the active form of AKT, did not significantly change with insulin (Rest-control session). However, after 

exercise and insulin (insulin clamp) p-AKT was significantly higher compared to exercise alone (no insulin, 

p=0.004, Figure 4B) and insulin alone (no exercise, p=0.029, Figure 4B). P-AS160 was higher following 

exercise and following exercise and insulin compared to baseline level (Figure 4D).  

In a multi-linear regression model, ucOC level post-exercise was associated with insulin sensitivity (GIR and 

M-value) post-exercise (= 0.66, p=0.005 and = 0.39, p=0.02, respectively) as were BMI and age (p<0.05), 

but not aerobic fitness. Importantly, baseline ucOC level was also associated with post-exercise insulin 

sensitivity (GIR and M-value = 0.57, p=0.036 and = 0.37, p=0.044, respectively) as were age and BMI. The 
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percentage change in ucOC levels from pre-to-post exercise was not associated with the percentage change in 

whole body insulin sensitivity post-exercise. BMI, age and aerobic fitness were also not associated with the 

change in insulin sensitivity from pre-to-post exercise.  

UcOC levels post-exercise was associated with the change in p-AKT after exercise and insulin (= 0.69, 

p=0.03).  

Discussion 

We report that acute high intensity exercise increases ucOC levels and improves insulin sensitivity post-

exercise. UcOC was associated with insulin sensitivity at rest and post-exercise. Insulin sensitivity, at rest and 

following acute exercise, is associated with circulating levels of ucOC in obese men.  

In mice, the skeleton plays a role in glucose metabolism via a mechanism involving ucOC (5). Data from 

humans are supportive but are based on cross-sectional studies (8, 12). As acute exercise is known to increase 

whole body insulin sensitivity and glycaemic control, it can be used as a tool to examine the contribution of the 

skeleton to the insulin-sensitising effect of exercise. We have previously reported that acute aerobic exercise 

increased both tOC and ucOC in obese men, but only the increase in ucOC was related to an improvement in 

glycaemic control post-exercise (13). Insulin sensitivity and insulin signalling proteins were not measured in the 

previous study. 

It is not clear why tOC did not change in the current study as previously we have reported that tOC increases 

with aerobic exercise (13). It is possible that the different result is related to the exercise intensity or duration. In 

the current study, participants exercised for 30 min at 95% of HRpeak, compared with 45 min at 75% of HRpeak 

in the previous study. Other studies also reported no change in tOC following aerobic exercise (22-25). 

Nevertheless, insulin sensitivity improved in the absence of a change in tOC suggesting that it is the 

undercarboxylated form of OC, and not the carboxylated OC, that has a metabolic role in humans, as it does in 

mice. 

There is increasing evidence that ucOC is related to glycaemic control in humans, however causality has not 

been determined. Although association does not imply causation, our results add new information about a 

possible connection between ucOC and insulin sensitivity in humans. Serum ucOC at baseline was associated 

with insulin sensitivity and p-AKT at rest and the change in insulin sensitivity post-exercise (unadjusted and 
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adjusted for insulin). UcOC level post-exercise was also associated with insulin sensitivity post-exercise 

although the change in ucOC was not associated with the change in insulin sensitivity post-exercise. The reason 

for these conflicting results is not clear. It is possible that those with higher baseline ucOC levels have higher 

insulin sensitivity at rest and post-exercise independent of the relative change in ucOC post exercise. A 

confirmation for this hypothesis is the moderate, but significant, increase in ucOC post-exercise, compared to a 

large change in insulin sensitivity. Hence, the results of the current study suggest that individuals with higher 

basal ucOC are more likely to have higher insulin sensitivity at rest and post-exercise, independent of the 

change in ucOC post exercise.   

Currently, it is unknown whether ucOC has a direct or indirect effect in the insulin sensing effects of exercise. 

An indirect pathway by which exercise may improve glycaemic control via increases in ucOC is the ucOC 

effect on islet cells (6) and/or increase insulin sensitivity (8) that in turn may increase glucose uptake by skeletal 

muscle. A direct effect of ucOC on skeletal muscle is also plausible although the ucOC receptor in skeletal 

muscle has yet to be identified. The G protein-coupled receptor 6A (GPCR6A) may be an ucOC receptor in 

skeletal muscle as it is the ucOC receptor in the Leydig cells of the testes, as well as in pancreatic beta-cells and 

perhaps in adipocytes and in the liver (26-28). The GPCR6A receptor has been identified in skeletal muscle and is 

implicated as a modulator of glucose metabolism (29). GPCR6A −/− mice have glucose intolerance (30). Further 

studies are needed to explore these mechanisms, as well as whether the GPCR6A is in fact the ucOC receptor in 

skeletal muscle. 

The current study report that exercise increases p-AKT and p-AS160. This is important as both proteins are 

downstream proteins in the PI3-K pathway regulating GLUT-4 translocation that in turn may increase the 

muscle capacity to take up more glucose (14, 15). The current study result indicate that serum ucOC level 

following exercise was associated with the change in p-AKT following exercise and insulin. It is possible that 

the pathway by which ucOC increases insulin sensitivity, directly or indirectly, is by activating p-AKT and p-

AS160. All together, in humans, similar to mice, ucOC may be partly involved in insulin sensitivity.  

A potential limitation of the study is the small sample size. Yet, this sample size was used previously in 

invasive study that includes several muscle biopsies and two euglycemic-hyperinsulinemic clamps, across two 

sessions, for each participant (31, 32). The study was powered to detect changes in ucOC, as well as in insulin 

sensitivity. In addition, we did not assess vitamin K intake which may affect the carboxylation of OC. 



10 
 

However, we have no reason to suspect that this may affect the results of the current study as the ucOC levels at 

baseline between the two sessions were similar. 

In conclusion, acute high intensity exercise increases ucOC levels and improves insulin sensitivity post-

exercise. UcOC was associated with insulin sensitivity at rest and post-exercise. Insulin sensitivity, at rest and 

following acute exercise, is associated with circulating levels of ucOC in obese men. Whether ucOC has a 

direct effect on skeletal muscle insulin sensitivity after exercise is yet to be determined.  
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Figures Legends 

Figure 1. Experimental design. Two muscle biopsies were obtained during the Rest-control session (pre and 

post insulin clamp) and three muscle biopsies were obtained during the Exercise session (at baseline and pre 

and post insulin clamp).  

 

Figure 2. Acute high intensity aerobic exercise increases ucOC (undercarboxylated OC) and ucOC/OC ratio, 

but not tOC (total osteocalcin). 

 

Figure 3. Acute aerobic exercise reduces blood glucose during the hour post-exercise and increases insulin 

sensitivity 3h post-exercise. GIR (glucose infusion rate, ml/kg/min),  M-value (GIR per unit of serum insulin). 

 

Figure 4. Acute high intensity aerobic exercise and insulin infusion have no significant effect on total AKT 

(panel A) total AS160 (Panel C), but it increases phosphorylated AKT (Panel B) and phosphorylated AS160 

(panel D). 

 



16 
 

Table 1. characteristics of participants (Mean±SEM) 
 Mean±SEM  

Age (yrs) 58.1±2.2 
Height (cm) 176±1.7 
Mass (kg) 102.5±3.9 

BMI (kgm-2) 33.1±1.4 
Fasting Glucose (mmol·L-1) 5.3±0.2 

HbA1c (%) 5.6±0.1 
Trig (mmol·L-1) 1.9±0.5 
HDL (mmol·L-1) 1.3±0.1 

SBP (mmHg) 133.4±3.6 
DBP (mmHg) 84.5±1.8 

25OHD (nmol/L) 72.9±7.6 
VO2peak (ml·kg-1·min-1) 23.0±1.3 

VO2peak (ml·min-1) 2342±160.8 
 
BMI (body mass index), HbA1c (glycosylated haemoglobin), Trig (triglyceride), HDL (high density 

lipoprotein), SBP (systolic blood pressure), DBP (diastolic blood pressure).  
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Table 2. Baseline comparisons between the Rest-control session and the Exercise session  

 Rest-control Exercise 

Glucose (mmol/L) 5.2±0.2 5.3± 0.3 

Insulin (μU/mL) 13.1±2.4 12.4±2.4 

tOC(ng/mL) 17.5±1.4 18.2±1.4 

ucOC (ng/mL) 10.8±0.8 10.6±0.8 

UcOC/OC ratio 60.8±1.7 58.9±2.0 

tOC (total osteocalcin), UCoc (undercarboxylated osteocalcin). Data presented as mean±SEM. All comparisons 

p>0.05. 
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