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Abstract

Objective—Undercarboxylated osteocalcin (ucOC) is a bone marker with potent metabolic 

effects. Leptin regulates Esp gene expression and osteocalcin carboxylation in animal models. We 

aim to elucidate day/night patterns of ucOC levels, whether short-term and/or chronic energy 

deprivation alter ucOC levels, and whether leptin may mediate these changes in humans.

Design/Methods—Twelve healthy males and females were studied for 72 hours in the fed state 

to study day/night pattern of ucOC. The six female subjects were also studied in a crossover 

interventional study in the fasting state for 72 hours with administration of either placebo or 

metreleptin in physiological doses. Blood samples were obtained hourly from 0800 a.m. on day 3 

until 0800 a.m. on day 4. In a separate study, eleven obese subjects who underwent bariatric 

surgery were followed for 24 weeks to examine effects of post-surgery weight loss on ucOC 

levels.

Results—Males have higher ucOC levels compared to females. There is no day/night variation 

pattern of circulating ucOC in humans. Short-term and chronic energy deprivation or leptin 

administrations do not alter ucOC levels.

Conclusions—The hypothesis that ucOC plays a role in energy homeostasis or of leptin in 

regulating ucOC in humans is not supported.
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INTRODUCTION

Osteocalcin (OC), traditionally a marker of bone formation, is an osteoblast-secreted protein 

which undergoes gamma-carboxylation of glutamic acid residues to produce carboxylated 

OC [1]. Undercarboxylated OC (ucOC) includes all OC forms with carboxylation of less 

than three glutamic acid residues and is the biologically active form of osteocalcin. High 

serum ucOC levels are associated with increased risk of hip fracture [2], and various studies 

have suggested that carboxylation of OC may be related to bone quality [3, 4]. Recent 

studies have highlighted an association between bone health and metabolic regulation, 

underscoring the existence of a cross talk in the complex interactions between bone 

remodeling, energy expenditure, beta-cell regulation and adipocytes [5, 6]. Esp, a gene 

encoding an intracellular tyrosine phosphatase called OST-PTP, through its osteoblastic 

expression, exerts metabolic functions opposite to those of OC. Genetic and biochemical 

studies demonstrate that Esp acts upstream of OC to inhibit its metabolic function [7]. Lee et 

al. demonstrated that mice over expressing the Esp gene, leading to decreased osteoblast-

secreted osteocalcin, displayed decreased β-cell proliferation, decreased adiponectin 

expression in adipocytes, and increased glucose intolerance and insulin resistance [7]. 

Administration of recombinant ucOC to wild-type mice on the other hand enhanced insulin 

production and sensitivity, and reduced the deleterious effect of a high fat diet on weight 

gain and glucose intolerance [8], demonstrating novel therapeutic potential of ucOC. In 

humans, a cross-sectional study in a cohort of men with type 2 diabetes mellitus found an 

inverse association between ucOC and various markers of metabolic profiles, including 

percent trunk fat, visceral to subcutaneous fat ratio, fasting plasma glucose, and glycated 

hemoglobin (HbA1c) [9]. A recent study investigating the changes in ucOC induced by 

osteoporosis treatment reported an association between changes in the ucOC levels and 

subsequent changes in various metabolic indices including body weight, fat mass and 

adiponectin [10]. These studies highlight a potential metabolic role of ucOC in humans.

Leptin, an adipocytokine with key roles in both signaling energy availability and bone 

remodeling [11], decreases quickly and out of proportion to changes in fat mass in energy 

deprivation [12]. Ducy et al. showed that leptin indirectly inhibits bone formation through a 

central pathway involving the hypothalamus and central nervous system [13]. Hinoi et al. 

demonstrated that leptin up-regulates the Esp gene, consequently leading to a decrease in 

ucOC levels via its central serotonin-mediated stimulation of sympathetic output, providing 

further evidence that adipose tissue, via the effect of leptin, regulates circulating levels of 

ucOC and bone metabolism [14].

Despite these studies demonstrating the role of ucOC in energy homeostasis and bone 

metabolism, the physiology of ucOC in energy homeostasis and its potential regulation by 

leptin in humans is unknown. In this study, we first investigated whether a biological rhythm 

of ucOC exist in both men and women and then we examined the physiology of ucOC in the 

energy-repleted and the energy-deprived state and also whether ucOC is regulated by leptin. 

We also investigated, using subjects with significant weight loss after bariatric surgery as a 

model of chronic energy deprivation, whether ucOC may be altered in response to post 

bariatric surgery weight loss.
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SUBJECTS, MATERIALS AND METHODS

The study consisted of 3 arms as outlined in details below. Study A: Samples of 6 male non-

diabetic subjects were recruited to evaluate biological rhythm of ucOC in the fed state. 

Study B: Samples of 6 female non-diabetic subjects were recruited to evaluate the biological 

rhythm of ucOC in 3 states, namely baseline fed state, fasting state with placebo 

administration and fasting state with leptin replacement. For both Study A and B, these were 

healthy individuals recruited from the Boston area using advertisement and postings through 

the Boston area Universities Students Offices. Study C: A chronic energy deprivation study 

with ucOC measured before and after significant weight loss with bariatric surgery in 11 

obese subjects.

The study protocols were approved by the Institutional Review Board of the Beth Israel 

Deaconess Medical Center (BIDMC), and written informed consent were obtained from all 

the subjects in all 3 components of the study. Clinical-quality r-metHuLeptin was supplied 

by Amgen, Inc. (Thousand Oaks, CA) and administered under an investigational new drug 

application submitted to the Food and Drug Administration (FDA).

Study A. UcOC Biological Rhythm in Males

Six healthy, lean men (mean age 21.8 ± 2.3 years; mean BMI 21.2 ± 1.6 kg/m2) were 

admitted to the BIDMC General Clinical Research Center (GCRC) and studied in the 

isocaloric fed state for 4 days. Subjects were given a standardized isocaloric diet with 

breakfast at 0800 a.m., lunch at 0100 p.m., dinner at 0600 p.m., and a snack at 1000 p.m. 

daily. Caloric intake was distributed with 20% of calories from breakfast, 35% from lunch, 

35% from dinner, and 10% from the evening snack. Subjects were allowed ad libitum 

physical activities which were not different from their usual activities in the outpatient 

settings. All light/dark intervals and blood sampling schedule were standardized. On day 3, 

blood was drawn through an indwelling intravenous catheter, every 15 minutes from 0800 

a.m. on Day 3 till 0800 a.m. on day 4, and then pooled every hour to meet the assays’ 

sample volume requirements.

Study B. UcOC Biological Rhythm and Effects of Short Term Energy Deprivation and 
Leptin Replacement in Females

Six healthy, lean and eumenorrheic women (mean age 22.8 ± 3.4 years; mean body mass 

index (BMI) 21.7 ± 2.2 kg/m2) were admitted to the BIDMC General Clinical Research 

Center (GCRC) and studied in the isocaloric fed state for 4 days in the first admission. In the 

following two admissions, the subjects were studied in the fasting state for 72 hours and 

were randomized to receive either placebo or metreleptin at replacement doses. A cross over 

to the opposite arm took place in the later admission so that all 6 subjects received both 

placebo and metreleptin. In the fasting studies, subjects received only caffeine-free and 

calorie-free liquids for 3 days, which included NaCl (500 mg), KCl (40 meq). The study 

admissions were separated by at least 8 weeks to enable adequate washout and recovery of 

metabolic status. All subjects had a regular menstrual cycle and were not on any medications 

including oral contraceptive pills. Study visits were standardized to occur between the 6th 

and 11th day of their menstrual cycle [15].
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In the fed state study, dietary regimen was similar as for the male fed study. In the fasting 

with leptin admission, starting at 0800 a.m. on day 1 of the fasting/leptin admission, 

metreleptin was administered as a subcutaneous injection every 6 hours for 2 days, at a dose 

of 0.08 mg/kg/day on day 1 and 0.2 mg/kg/day on day 2 and 3, on the basis of prior 

pharmacokinetic studies [16–18]. During the fasting + placebo admission, a buffer solution 

of similar volume was administered subcutaneously every 6 hours, similar to the leptin arm. 

All activities, light/dark interval, and blood sampling schedule on day 3 to day 4 for all 3 

studies were similar as for the male fed state study.

Study C. Chronic Energy Deprivation Study

11 obese subjects (6 males, 5 females, mean age 54.6 ± 7.1 years, mean BMI 50.95 ± 11.97 

kg/m2) who were approved for and underwent bariatric surgery at BIDMC were 

prospectively enrolled in this study as a model of chronic energy deprivation. 4 out of 11 

subjects were diabetics. 5 out of 11 subjects underwent a Roux-en-Y gastric bypass surgery 

(RYGB), while the remaining subjects underwent laparoscopic gastric banding (LGB). 

Subjects were assessed before surgery, at 8 weeks, 12 weeks and 24 weeks after surgery. 

Demographic characteristics and medical history review were obtained at the pre-surgery 

visit. Metabolic parameters, anthropometric and body composition measurements were 

obtained at the pre-surgery visit and at all subsequent follow up visits. Fasting bloods were 

drawn at baseline and at each visit for metabolic evaluations including glucose, lipid profile 

and ucOC measurement.

Assays

Serum ucOC was measured by ELISA (Takara Bio Inc, Shiga, Japan) with a sensitivity of 

0.25 ng/ml, intra-assay CV of 4.58 – 6.66 % and inter-assay CV of 5.67 – 9.87 %, in 

accordance with the manufacturer’s instructions. Leptin and insulin levels were measured as 

previously reported [19]. Biochemical analysis for serum calcium was assayed on the Roche 

Cobas c311 (Roche Diagnostics, Indianapolis, IN). 25-hydroxyvitamin D was measured by 

radioimmunoassay (Diasorin, Stillwater, MN). All serum samples were stored at −80 °C as 

appropriate until analysis. All samples were analyzed in duplicate.

Statistical Analysis

Statistical analysis was performed with Stata version 12 (Stata Corp., College Station, TX) 

and trigonometric regression was performed with SigmaPlot version 12 (Systat Software, 

Inc., San Jose, CA). Variables are summarized as mean ± standard deviation. Normality of 

variables was evaluated visually with frequency histograms and the Shapiro-Wilks statistic.

Study A and B—To evaluate for potential day night variability, we performed 

trigonometric, 4-parameter, sine regression on ucOC levels across the day and the 

coefficient of determination (R2) was calculated. Comparison of ucOC levels between male 

and female subjects in the isocaloric fed state was performed using linear mixed-effect 

models. A similar approach was utilized for the comparison of ucOC levels in female 

subjects across the three conditions (isocaloric fed state, fasting + placebo and fasting + 

leptin replacement state). UcOC was modeled as a linear function of time and both fixed and 

random intercepts and slopes for “gender” and “condition” were introduced in the level-2 
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model. The final model was selected to minimize both Akaike’s and the Bayesian 

Information Criteria. 24-hour area under the curve (AUC) of ucOC was calculated with the 

trapezoidal rule. Comparison of ucOC AUC between the two genders was performed with 

Student’s t-test.

There are no human studies available to date, evaluating the changes of ucOC circulating 

levels during acute or chronic energy deprivation, thus there are no available data to perform 

exact power calculations. Nonetheless, this sample size has been demonstrated to be 

adequate in detecting periodic secretion patterns of other hormones [20–22]. In the short 

term energy deprivation study, the cross-over design used herein provided 80% power to 

detect a difference of 1.4 SD between fed and fasting plus placebo states with six subjects at 

the conventional alpha=0.05 level.

Study C—Baseline associations between total cholesterol, low-density lipoprotein (LDL), 

triglycerides (TG), high-density lipoprotein (HDL), fasting insulin, fasting glucose, HbA1c, 

body mass index (BMI), fat mass and ucOC were evaluated with Spearman’s correlation 

coefficient. Comparison of ucOC levels across the various time points after bariatric surgery 

was performed with repeated-measurements analysis of variance. In addition repeated 

measurements 2×2 factorial ANOVA was also performed to evaluate for potential 

differences between the different groups of bariatric surgery, diabetic status and the two 

genders. Results are presented as means ± standard deviation (SD). All tests were two-sided 

and the alpha-criterion was set to 0.05. In the bariatric surgery induced, chronic energy 

deprivation study, 11 subjects provided 80% power to detect a difference of 0.81 SD 

between baseline and six months after the surgery.

RESULTS

Study A. UcOC Biological Rhythm in Males

Trigonometric regression failed to demonstrate the existence of any statistically or clinically 

significant day/night variation in males (R2=0.99%) in the isocaloric fed state (Figure 1A). 

Clinically important day/night secretion patterns have traditionally been associated with 

adjusted coefficients of determination higher than 15%. Previous studies from our group and 

others have demonstrated that hormones with profound day/night secretion pattern, such as 

cortisol, yield an adjusted R2 of more than 30% in similar statistical models [23].

Study B: UcOC Biological Rhythm and Effects of Short Term Energy Deprivation and 
Leptin Replacement in Females

Trigonometric regression failed to demonstrate the existence of any statistically or clinically 

significant day/night variation in the females (R2=0.18%) similar to the males, while the 

subjects were in the isocaloric fed state (Figure 1B). In the fasting + placebo and fasting + 

leptin study, ucOC again did not demonstrate any significant day/night variation. Mean 

serum leptin and insulin levels decreased significantly (14.66 to 2.78 ng/ml, p<0.001 and 

6.06 to 1.22 uIU/ml, p=0.001 respectively) after 3 days of fasting. Leptin replacement 

restored leptin levels to normal physiological range as previously reported [19]. 24-hour 

mean ucOC levels in females were 6.99 ± 0.90 ng/ml. Neither short-term energy deprivation 
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nor leptin administration had any significant effect on ucOC levels (p=0.47 and p=0.69 

accordingly) (Figure 1C).

Comparison between male and female subjects in the fed state found that females had lower 

mean ucOC levels compared to males (−8.49±2.99 ng/mL, p=0.005) (Figure 1D). The slope 

of the trajectories of ucOC levels during the day was not different from zero, for both males 

and females meaning that the difference between male and female ucOC levels was, on 

average, constant throughout the day. Integrated daily ucOC secretion, as estimated by 

AUC, was also significantly lower in females compared to males (166.19 ± 65.74 vs. 376.26 

± 74.97, p=0.0345). These differences remained significant after adjusting for BMI 

(p<0.001). Both 24-hour mean ucOC levels and ucOC AUC were highly correlated with 

0800 a.m. ucOC levels (beta=0.96, p<0.001 and beta=0.96, p<0.001 respectively).

Study C. Chronic Energy Deprivation Study

Baseline ucOC levels were positively associated with the baseline fasting glucose levels (rho 

= 0.88, p=0.004) but not with baseline BMI, fat mass, fasting insulin, total cholesterol, LDL, 

HDL or TG levels (data not shown). Baseline ucOC levels similarly showed no association 

with serum calcium levels (p=0.87) and 25-hydroxyvitamin D levels (p=0.97). Mean BMI of 

all 11 subjects decreased significantly 24 weeks after bariatric surgery (50.95 ± 11.97 to 

40.80 ± 9.56 kg/m2, p<0.001). While mean serum leptin levels for these subjects decreased 

significantly 24 weeks post bariatric surgery (50.91 ± 28.06 to 27.26 ± 21.23, p=0.018), we 

failed to demonstrate any statistically or clinically significant change in ucOC levels any 

time point up to 24 weeks after bariatric surgery (Huynh Feldt corrected p-value = 0.23). In 

accordance to this, we demonstrated that changes in BMI, weight, fat mass, fasting insulin, 

and glucose levels after bariatric surgery were not related to any changes in ucOC levels 

(data not shown). Similarly there were no relationship between changes in ucOC levels after 

bariatric surgery and changes in calcium (p=0.42) or 25-hydroxyvitamin D (p=0.43) up to 

24 weeks after surgery. There was no difference in BMI reduction between the two types of 

bariatric surgery or the two genders, or with their diabetic status, as evaluated with the 

factorial ANOVA models. Given these results and since our hypothesis was whether energy 

deprivation could affect ucOC levels, we did not expect surgery type, diabetic status and 

gender to affect ucOC levels. Indeed, the factorial ANOVA model evaluating for potential 

differential changes of ucOC levels between genders, diabetic status and both types of 

surgery confirmed no statistically significant differences.

DISCUSSION

Bone remodeling is an energy requiring process. In recent years, studies in animal models 

that have highlighted a promising role of ucOC in the cross talk between bone metabolism 

and energy homeostasis. Lee et al., using a genetically altered mouse model, demonstrated 

that deletion of Esp gene in mice, leading to higher levels of ucOC compared to wild type 

mice, is characterized by increased insulin sensitivity, greater islet cell mass and beta cell 

proliferation and these mice are hypoglycemic and protected from obesity [7]. Ferron et al. 

demonstrated that recombinant ucOC administered to mice increases beta cell proliferation, 

increases adiponectin release from fat cells and improves glucose tolerance in vivo [8], 
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confirming the mechanistic role of ucOC in mediating these metabolic effects. The Esp gene 

expression is expressed in osteoblasts and Sertoli cells of the testes and is up-regulated in 

differentiating osteoblasts specifically by leptin through sympathetic signaling. These 

findings showed for the first time how the bone, via the action of leptin and its influence on 

ucOC regulation, exerts an effect on beta cell function and energy homeostasis. As 

promising as these animal data may be, there is no data currently to clarify if a similar 

relationship between ucOC, leptin and energy homeostasis exists in humans. Obesity, 

especially visceral adiposity, is an inflammatory disease, where the adipose tissue is able to 

produce inflammatory cytokines or collaborate with their production by other tissues. 

Hyperleptinemia, a state exhibited in obesity, is well known to correlate with inflammatory 

responses observed in obesity [24]. Similarly, serum osteocalcin has also been demonstrated 

to be inversely associated with glucose, insulin sensitivity, BMI and inflammatory markers 

such as C reactive protein and interleukin 6 [25]. Despite both their roles in obesity and 

chronic inflammation, there are again no studies investigating whether an interaction exists 

between leptin and ucOC in humans.

In this full physiology study, we report that there is no day/night variation in ucOC levels in 

both young, healthy males and females, and that energy deprivation of up to 72 hours in 

young healthy females resulting in hypoleptinemia, does not alter ucOC levels. Furthermore, 

despite the well-described effect of leptin on the Esp gene expression and ucOC levels in 

rodents, replacement of leptin to physiological levels in energy-deprived hypoleptinemia 

does not alter circulating ucOC levels, indicating a lack of interaction between ucOC and 

leptin in humans. Furthermore, in post-bariatric surgery subjects with significant weight loss 

leading to hypoleptinemia, there are no significant changes in ucOC levels up to 24 weeks 

post surgery. These results suggest that, contrary to animal models, circulating ucOC levels 

are not regulated by leptin and may not be playing a critical role in energy homeostasis in 

humans. We further observe that males have a higher circulating level of ucOC compared to 

females and that a single 0800 a.m. overnight fasting sample of ucOC is an accurate 

reflection of the overall circulating levels of ucOC over a 24-hour period. These novel 

physiological observations are critical for future research studies on ucOC in humans.

The lack of day/night variation of ucOC herein are in contrary to the study by Sokoll et al. 

[26], who reported in 1998 the presence of a diurnal variation of ucOC in both young 

healthy males and females. However Sokoll et al. utilized a radioimmunoassay developed 

in-house which had not gained widespread use in the measurement of ucOC, especially not 

in used with the recent wealth of human studies demonstrating an association of ucOC with 

various metabolic indices. This current study uses a well-validated assay which is similarly 

in extensive use by these recent human studies, enabling extrapolating of these observations 

to this study. Moreover, the Sokoll et al. study only has blood sampling every 4 hours which 

may not have adequate temporal resolution to detect day/night variation pattern of secretion. 

Furthermore, repeated measures analysis of variance (ANOVA), the statistical methods 

utilized in their study to assess day/night variation, may not be rigorous enough in ruling out 

a day/night variation pattern of secretion. In contrast, besides the higher temporal resolution 

of hourly blood sampling in this study, we utilized trigonometric regression, a rigorous and 
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well-validated test [23], in assessing day/night variation pattern of ucOC, allowing us to 

confidently report the absence of day/night variation pattern of ucOC described herein.

The muted role of ucOC in energy homeostasis in humans as opposed to animal studies 

could be due to several factors. Firstly, the Esp gene is a pseudo gene in humans, and a 

functional homologue for the Esp gene has not been identified in humans thus far [27]. 

Therefore the effect of leptin on ucOC via its effect on Esp gene expression may not be 

similar in humans. Besides, studies in rodents often involved dramatically altered levels of 

ucOC, whereas physiological human studies such as the present study restrict fluctuations of 

the hormones within a narrow physiological range, and may not be able to replicate the 

findings demonstrated in knock-out mice and/or detect significantly altered levels of these 

hormones.

To test the hypothesis that a longer duration of energy deprivation might affect ucOC, we 

studied subjects who had undergone bariatric surgery with significant weight loss after 

surgery as a model of chronic energy deprivation. Prospective weight loss studies have 

demonstrated an association between weight loss, increased bone resorption and bone loss 

[28, 29], suggesting a link between chronic energy deprivation and bone metabolism. 

Weight loss is well associated with various hormonal adaptations including a significant 

reduction in circulating levels of leptin [30]. In our study, despite significant decrease in 

leptin levels following weight loss with bariatric surgery in these subjects over a 6-month 

period, this did not change ucOC levels. While other studies have found a significant 

increase in bone turnover markers (including urinary N-telopeptide, osteocalcin, beta-

crosslaps, and N-terminal peptide of procollagen I) after surgery-induced weight loss [31, 

32], the absence of changes in ucOC here suggests that its role in bone metabolism may not 

be similar to traditional bone turnover markers. Moreover the changes of ucOC levels before 

and after bariatric surgery in these subjects did not exhibit any significant correlation with 

the changes in BMI, weight, fat mass, insulin, and glucose levels before and after surgery. 

These results further propose that ucOC is unlikely to be playing a major role in the 

metabolic and neuroendocrine adaptations evident in post-bariatric individuals with 

significant weight loss.

The observation that males have a higher level of ucOC is interesting. A prior study has 

reported that serum ucOC concentration in women during hormone replacement therapy was 

significantly lower than that in women before treatment and that serum ucOC concentration 

showed a significant inverse correlation with estradiol concentration during hormone 

therapy [33], suggesting a possible role of the female sex hormone in suppressing ucOC 

levels. Another study from the same group showed that serum ucOC concentration rapidly 

increases in women after surgical menopause induced by bilateral oophorectomy in 

premenopausal women [34]. Lukacs et al. similarly reported a negative relationship with 

endogenous estrogen levels and ucOC levels [35]. Taken together, these observations 

suggest the female sex hormones might have a role in modulating the levels of ucOC. The 

implications of such an effect of the female sex hormone on ucOC and the mechanism 

underlying these observations need to be explored in future studies.
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Our study has several strengths. This is the first human study to elucidate the physiology of 

ucOC in both males and females using an established assay widely utilized in recent human 

studies on ucOC. This is also the first randomized placebo-controlled study to examine the 

effect of fasting and leptin administration on circulating ucOC levels in humans. Moreover, 

this is the first study to report the effect of chronic energy deprivation via post bariatric 

surgery weight loss on circulating ucOC levels in humans. Together, these studies present a 

detailed study of the physiological properties of ucOC in energy homeostasis. The study 

conditions were highly standardized with all female subjects studied at the same phase of 

their menstrual cycle, all male and female subjects receiving similar isocaloric diet, activity 

level, with strictly uniform light/dark interval. Blood sampling was frequent, resulting in 

high temporal resolution, allowing us to conclude on the presence of a day/night pattern of 

ucOC with great confidence. The cross-over design in the short term energy deprivation arm 

and the several blood draws in the course of follow up in the chronic energy deprivation 

study serve to further strengthen the study observations.

Some limitations need to be acknowledged. The subjects in Study A and B consist of 

healthy young individuals who volunteered for the study and it remains to be studied 

whether the biological properties of ucOC in these subjects apply to older subjects with 

metabolic dysregulation. The apparently small sample size herein this study is to be 

acknowledged, although it is noteworthy that the sample size is no smaller than in previous 

similar studies and has been based on power calculations indicating that this sample size 

provides adequate power for this study and has provided adequate power in detecting 

periodic secretion patterns of other hormones [20–22]. Total osteocalcin was not measured 

in this study. However it is again noteworthy that this study is intended to evaluate the role 

of ucOC in energy homeostasis, which by itself is metabolically active, and the wealth of 

animal and human studies have correspondingly highlighted its metabolic role independent 

of total osteocalcin [6, 9, 10]. Lastly, the design of this study was not intended to elucidate 

the effect of ucOC on insulin sensitivity. Therefore the precise role of ucOC in mediating 

insulin resistance in humans remains to be clarified by further studies.

In summary, we demonstrate in this physiology study that ucOC does not display day/night 

variation in either male or female healthy subjects and therefore a single early morning 

determination of ucOC is an accurate reflection of the overall circulating levels of ucOC 

over a 24-hour period. We also show that ucOC is unaltered in both states of short term and 

chronic energy deprivation leading to significant weight loss, and that leptin administration 

to physiological replacement levels does not affect circulating levels of ucOC in humans. 

Females have a lower level of ucOC compared to males, possibly related to the differential 

action of sex hormones on ucOC, the underlying etiology of which remains to be studied 

further. Given the substantial interest of ucOC as a potential skeletal regulator of energy 

metabolism, the knowledge of these biological characteristics of ucOC is critical for future 

clinical studies not only in planning the timing and situations in which samples are collected 

to evaluate ucOC levels across different individuals or groups with comparable results, but 

furthermore serves to elucidate the role of ucOC in energy homeostasis and its potential 

regulation by leptin. Despite the promising data from recent animal studies and 

observational studies in humans, our findings do not support the hypothesis of a major role 

of ucOC in energy homeostasis or of leptin in regulating ucOC in humans.
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Figure 1. 
A. Mean undercarboxylated osteocalcin (ucOC) levels (ng/mL) in the fed state 

demonstrating absence of day/night variation in males (n=6). Adjusted R2 is displayed at the 

top center. Solid line represents 95% confidence interval, interrupted line represents 95% 

prediction interval; B. Mean undercarboxylated osteocalcin (ucOC) levels (ng/mL) in the 

fed state demonstrating absence of day/night variation in females (n=6). Adjusted R2 is 

displayed at the top center. Solid line represents 95% confidence interval, interrupted line 

represents 95% prediction interval; C. Box plots of ucOC levels in all three states in 

females, demonstrating no change in levels in response to fasting and leptin replacement; no 

statistical significant difference was detected at the 0.05 level (n=6); D. Box plots of ucOC 

levels in fed state, signifying higher levels in males compared to females, different letters 

signify statistically significant difference at the 0.05 level.
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