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8 General introduction 

Classically, the skeleton is defined by its mechanical properties; it is essential in the protection 
of internal organs and in locomotion. In addition, bone serves as a site for hematopoiesis and 
contributes to calcium and phosphorus homeostasis. In recent years, a further-reaching role 
has been suggested for the skeleton. In this thesis, we describe research investigating inter-
actions between bone, the neuroendocrine system and metabolism. 

Anatomy of bone 

Bone consists of a collagen matrix strengthened by multiple crosslinks, on which calcium and 
phosphate are deposited in the form of hydroxyapatite. The matrix also contains noncolla-
genous proteins like osteocalcin (1). Two types of bone exist: cortical and trabecular bone. 
Cortical bone is composed of densely packed lamellae of mineralized collagen which provide 
mechanical strength. Trabecular bone is less dense and has a higher surface area. Trabecular 
bone is found inside long bones, the vertebrae and pelvis and provides elasticity and is meta-
bolically more active than cortical bone. The cavity inside bones also houses bone marrow, 
which surrounds the trabecular bone elements. 

Bone (re)modeling 

Bone is a dynamic tissue that continuously regenerates. During development and growth,  
bone size and shape is achieved by bone modeling. Before puberty, growth hormone and 
insulin-like growth factor 1 (IGF-1) maintain slow, but continuous bone growth (2). Sex diffe-
rences in bone proportion are established during the peripubertal years. Both androgens and 
estrogens have substantial effects on growing bone, although estrogen appears to play a 
more dominant role in both girls and boys (3-6). Estrogen initiates the pubertal growth spurt 
and ends it by inducing epiphyseal closure (7). Bone tissue gained during puberty is the main 
contributor to the final amount of bone that is achieved at skeletal maturity, also known as 
peak bone mass. Individual variances in peak bone mass exist, the majority of which are attri- 
butable to heredity factors (8). 
After the skeleton has reached maturity, old bone is periodically replaced by new bone at the 
same location, in a process called bone remodeling (9, 10). This most likely serves to repair 
microdamage. With advancing age, in both men and women, bone is lost because the balance 
between the amount of old bone removed and new bone deposited in each remodeling process 
becomes negative (11). This age-associated loss of bone begins immediately after peak bone 
mass is achieved and results from compromised osteoblast numbers and/or function (10, 12). 
At menopause, the abrupt loss of estrogen increases the bone remodeling rate and the life 
span of osteoclasts and decreases that of osteoblasts (10, 11, 13). Within ten years following 
menopause, the rate of bone loss in women slows to that of aged-matched eugonadal men (12). 
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Bone cells

Osteoclasts are giant multinucleated cells responsible for bone resorption. They are formed 
by fusion of osteoclast-precursor cells of the hematopoietic stem cell lineage (14). Mature 
osteoclasts bind to the bone surface via integrins and create a confined acidified microenvi-
ronment into which proteinases like cathepsin K are released to break down the adjacent 
mineral and matrix (15). Osteoblasts and osteocytes express receptor activator of NFκB ligand 
(RANKL) and macrophage colony-stimulating factor (M-CSF), which are essential for inducing 
commitment to the osteoclast lineage (16, 17). This process is inhibited by osteoprotegerin 
(OPG), a protein that prevents interaction of RANKL with RANK (18, 19). 
The progenitor cell of the osteoblast is the mesenchymal stem cell (MSC) which also give rise 
to bone marrow stroma cells, chondrocytes, myocytes and adipocytes (20). Differentiated 
osteoblasts synthesize and secrete products that constitute the bone matrix (21) and are also 
responsible for the subsequent mineralization of the matrix with hydroxyapatite (22, 23). 
Critical in the differentiation and proliferation of osteoblasts are runt-related transcription 
factor 2 (Runx2) and the Wnt signaling pathway (24, 25). At the end of their life-span the majority 
of osteoblasts undergo apoptosis. The remaining osteoblasts become linings cells, that cover 
bone surfaces or are entombed in the mineralized matrix as osteocytes (26, 27). 
Osteocytes are the most abundant cell type in bone and are characterized by multiple cyto-
plasmatic processes that reach throughout bone tissue (28-30). Recently, many advances have 
been made to clarify the role of osteocytes in bone metabolism. Osteocytes sense mechanical 
stimuli with their dendrites and are able to communicate directly (gap junctions) and indirectly 
(paracrine signaling) with neighbouring cells and sites of bone resorption and formation (31). 
An example of osteocyte-osteoblast communication is decreased production of sclerostin, an 
antagonist of the Wnt signaling pathway, by mechanical loading (32-36). Osteocytes are also 
a source of pro- and anti-osteoclastogenic cytokines, like RANKL, OPG and M-CSF (37-39).   

Sympathetic control of bone remodeling

Sympathetic nervous system
The autonomic nervous system is a, largely unconscious, central mediator in maintaining 
whole-body homeostasis. The autonomic nervous system is divided in the parasympathetic 
and sympathetic nervous system, which have opposite actions in most cases. The sympathetic 
nervous system acts via catecholamines that bind to adrenergic receptors. There are three 
subfamilies of adrenoceptors: alpha-1 adreneroceptor (subdivided into alpha-1A, alpha-1B and 
alpha-1D), alpha-2 adrenoceptor (subdivided into alpha-2A, alpha-2B and alpha-2C) and beta- 
adrenoceptor (subdivided into beta-1, beta-2 and beta-3) (40, 41). All three adrenergic receptor 
subfamilies are expressed widely throughout the body. In addition, alpha-2 adrenergic receptors 
are also found in the brainstem. These receptors are activated by released neurotransmitters 
and serve as autoreceptors regulating catecholamine release. Therefore, activation of these 
presynaptic inhibitory receptors leads to a reduction in sympathetic tone (42, 43). Like many 
other cell types in the body, adrenergic receptors are also expressed in bone cells (44-50).  
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Central control of bone mass
Bone metabolism, like most other homeostatic functions, is also under control of the sympa-
thetic nervous system. The first evidence supporting this concept was the f inding that 
leptin-deficient mice (ob/ob mice) have a high bone mass in spite of hypogonadism and 
hypercortisolism (51). This high bone mass phenotype can be rescued by intracerebroventricular 
(ICV) infusion of leptin, advocating the existence of a central control for the regulation of bone 
metabolism (52). In mice with an osteoblast-specific knockout for the beta-2 adrenergic 
receptor ICV leptin infusion does not alter the high bone mass phenotype, suggesting that 
the sympathetic nervous system, via the beta-2 adrenergic receptor on the osteoblast, is 
necessary for the central action of leptin on bone. (53). 
In agreement with these experimental studies, pharmacological inhibition and stimulation of 
beta-adrenergic receptors in rodent studies increased and decreased bone mass, respectively 
(54, 55). The role of the sympathetic nervous system in bone turnover was further supported 
by the high bone mass phenotype in mice with low sympathetic activity, due to dopamine 
β-hydroxylase deficiency (56). Recently, the role of the sympathetic nervous system in bone 
metabolism was extended by investigating a mouse model of chronic sympathetic hyper- 
activity due to a double knockout of alpha-2A and alpha-2C adrenoceptor genes, inducing 
increased norepinephrine release (50). Unexpectedly, these mice were characterized by high 
sympathetic tone and a phenotype of high bone mass with increased bone formation and 
decreased bone resorption, rather than the expected low bone mass. This finding is in contrast 
with previous studies and suggests that the mechanisms whereby the sympathetic nervous 
system regulates skeletal homeostasis are far more complicated than previously thought.     

It is uncertain whether human bone metabolism is also under control of the sympathetic 
nervous system. Activation of the sympathetic nervous system is generally considered to 
contribute to bone loss. This concept is supported by a case-control study comparing bone 
turnover in pheochromocytoma patients and controls (57). This study showed that pheochro-
mocytoma patients have increased bone resorption, which normalizes after adrenalectomy. 
In line with these results, one would expect that pharmacological beta-adrenergic blockade 
by beta-adrenergic receptor antagonists (beta-blockers) is beneficial to the skeleton. Many 
epidemiological studies on the association between beta-blocker use and fracture risk have 
been conducted and showed inconclusive results, with beta-blockers having positive, negative 
or no effects on bone mass (58-70). Two recent meta-analyses indicate a small but significant 
risk reduction (15% and 17%, respectively) of any fracture in patients treated with beta-blockers 
(71, 72). This risk reduction was however associated with the use of beta-1 selective blockers, 
rather than non-selective beta-blockers. 
In rodents, signaling through the beta-2 adrenergic receptor on the osteoblast influences 
bone remodeling. Three polymorphisms of the beta-2 adrenergic receptor are known to in-
fluence receptor function in vitro and in vivo. A recent case-control study therefore examined 
whether this altered receptor function has an effect on bone metabolism (73). In four large 
cohorts, polymorphisms in the beta-2 adrenergic receptor were not associated with fracture 
risk or bone mineral density. To date, only one study investigated the association of two single 
nucleotide polymorphisms (SNPs) located in the alpha-2A adrenergic gene with bone 
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remodeling markers and bone mineral density (49). Significant associations were observed 
between alpha-2A adrenergic receptor gene locus and bone mineral density at the lumbar 
spine and cathepsin K, C-terminal crosslinking telopeptides of collagen type I (CTx), osteocalcin 
and bone-specific alkaline phosphatase levels. In sum, the role, if any, of the sympathetic 
nervous system in human bone remodeling remains unclear. 

The abovementioned data suggest that the other branch of the autonomic nervous system, 
the parasympathetic nervous system (PSNS), may also affect bone remodeling. Genetic studies 
have shown that the PSNS, acting through the muscarinic 3 receptor, located in the locus 
coeruleus, is a positive regulator of bone mass by increasing bone formation and decreasing 
bone resorption (74).    

Humoral control of bone remodeling

Bone marrow adipose tissue
Bone marrow adipose tissue, an unique component of the bone marrow cavity, is functionally 
distinct from and not subject to the same regulation as the other fat depots in the body (75). 
This is best exemplified by states of caloric restriction, which increases bone marrow adipose 
tissue while subcutaneous fat is lost (76). Previous observations indicate that young men have 
higher bone marrow fat than young women, and a rather constant accumulation of bone 
marrow fat with aging (77). Whereas in women bone marrow fat remains relatively stable 
before menopause and rapidly increases after menopause (78-80). As a result bone marrow 
fat is lower in young women compared to young men and higher in older women than in older 
men (80). Conditions associated with reduced bone mass, like osteoporosis (81), starvation 
(82), alcoholism (83), spinal cord injury (84) and bed rest (85), are also characterized by marrow 
fat accumulation. And in subjects using medications that have a detrimental effect on bone, 
including glucocorticosteroids and thiazolidinediones, higher levels of marrow fat are found 
(86, 87). The inverse relationship between bone marrow fat and bone mineral density has 
long been recognized, and can be explained by a common precursor cell shared by osteo-
blasts and adipocytes (20). Consequently, the number of mature osteoblasts and bone marrow 
adipocytes in the marrow cavity is influenced by differentiation of the mesenchymal stem cell 
towards one phenotype and away from the other (88). The rapid increase in bone marrow fat 
after menopause, resulted in a growing interest in the role of estrogen in determining mes-
enchymal stem cell faith. In vitro studies have shown that MSCs and cells of the osteoblast 
lineage express estrogen receptors (89, 90) and that estrogen stimulates differentiation of 
human and murine MSCs to osteoblasts at the expense of adipocytes (91, 92).  

For a long time, marrow adipocytes were regarded as passive fillers of space not occupied by 
other tissue (93). More recently it has been recognized that bone marrow adipocytes play an 
active role in the bone marrow microenvironment by secreting adipokines and fatty acids 
suspected to have a negative effect on osteoblast proliferation and function (94, 95), a process 
also known as lipotoxicity. Lipotoxicity can be one of the reasons that a negative relation ship 
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between high bone marrow fat and fracture risk has been reported (96, 97). Recent evidence 
suggests that bone marrow also functions as an endocrine organ with systemic effects, by 
the secretion of adiponectin, a hormone with beneficial metabolic effects (98-101). 

Dietary content and bone
Because adipocytes and osteoblasts originate from the same precursor cell, a correlation 
between obesity and bone metabolism is strongly assumed. Whether obesity protects bone 
or leads to loss of bone mass remains controversial. The traditional view is that overweight 
is beneficial to bone (102-106). Recently there are an increasing amount of reports describing 
detrimental effects of excessive body fat on bone (107-109). As a result of the worldwide 
increasing prevalence of obesity, diets have become increasingly popular. While treatment of 
obesity is associated with improved health outcome, some evidence suggests that diet 
composition, in particular fat content, acts negatively on bone. Children with epilepsy treated 
with a low-carbohydrate, high-fat ketogenic (LCHF) diet show reduced growth, poor mineral 
status and lower bone mineral density (110-113). And animals studies have shown adverse 
effects on bone quantity and quality in rats fed LCHF diets (114-134). 

Several mechanisms for the adverse effects of some dietary contents on bone have been 
proposed. Low-carbohydrate diets can generate acidosis, which promotes calcium mobilization 
from bone to maintain a neutral pH, finally leading to an increase of urinary calcium (135-137). 
Furthermore, dietary fat can reduce the absorption of calcium, as a result of the formation 
of calcium soaps (water-insoluble calcium salts of fatty acids) (138-142). In addition, products 
of lipid or lipoprotein oxidation may contribute to preferential differentiation of bone marrow 
progenitor cells towards an adipogenic lineage as compared with osteogenic and inducing 
osteoclastic differentiation (121, 123, 124, 143, 144). 

Bone as an endocrine organ 

Clinical observations have linked the regulation of bone mass and energy metabolism; the 
absence of food intake causes an arrest of growth and low bone mass (145). A link between 
bone mass and fertility has also been suggested, best exemplified by the fact that sex steroids 
are essential for skeletal growth and maturation and that gonadal failure leads to bone loss 
(7). This raised the hypothesis that bone, energy metabolism and reproduction are connected, 
suggesting that the skeleton is not only a recipient of hormonal input, but acts as an endocrine 
organ itself.  

Endocrine functions of osteocalcin 
In search of a bone-specific component that could be involved in energy metabolism, osteo-
calcin knockout mice were investigated. Osteocalcin is secreted by osteoblasts (1) and is one 
of the main protein components of the bone matrix. Low concentrations of osteocalcin are 
detectable in the circulation and serve as a marker of bone formation. Circulating osteocalcin 
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exists in two forms, carboxylated on three glutamate residues or undercarboxylated (1). 
Osteocalcin knockout mice present with a metabolic phenotype of glucose intolerance, insulin 
resistance, increased fat mass and decreased energy expenditure (146). Osteocalcin admini-
s tration to wild-type mice caused an increase in blood insulin levels, enhanced glucose tole rance 
and improved insulin sensitivity (147, 148). In vitro studies confirmed the beneficial metabolic 
actions of osteocalcin; in co-culture assays wild-type mouse osteoblasts enhanced insulin 
secretion by pancreatic islets, while osteocalcin -/- osteoblasts were not able to do so (149). 
In vitro treatment of islet cells with carboxylated and undercarboxylated osteocalcin further 
revealed that only undercarboxylated osteocalcin could increase expression of insulin and 
should be considered as the active form of osteocalcin (149).

The observation that male osteocalcin knockout mice bred poorly, suggested that osteocalcin 
might also play a role in male reproduction. Osteocalcin knockout mice are characterized 
by decreased testis and epididymal weights, a decreased sperm count and low circulating 
testosterone levels (150). The hypothesis was confirmed in co-culture assays; supernatant 
of osteocalcin -/- osteoblasts were unable to increase testosterone production in testis explants 
and primary Leydig cell cultures (150). Moreover, treating primary Leydig cells with increasing 
amounts of undercarboxylated osteocalcin, resulted in a dose-dependent increase in testos-
terone secretion, as does treating wild-type mice with osteocalcin injections (150). 

The identification of the endocrine function of osteocalcin in mice resulted in a growing interest 
in the metabolic role of osteocalcin in humans. In two recent reviews of the literature the 
majority of the studies investigated observed a negative correlation of serum undercarbo-
xylated or total osteocalcin levels with blood glucose, insulin resistance, diabetes, obesity and 
markers metabolic syndrome (151, 152). When interpreting these data, the correlative nature 
of these studies should be kept in mind, as well as the analytical aspects of different assays 
related to various forms of osteocalcin. 
The endocrine role of osteocalcin in human testosterone production was tested in several 
cross-sectional studies. Only one large population-based study showed osteocalcin to be 
positively associated with total testosterone levels (153). A systematic genomic analysis of a 
cohort of 59 male subjects with an identical subfertile phenotype as osteocalcin knockout mice, 
identified a loss-of-function mutation in the osteocalcin receptor in two subjects, esta blishing 
the first genetic evidence that osteocalcin fulfils a endocrine function in humans (154). 
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Aim and outline of thesis

The general aims of this thesis were to study:

• The role of the sympathetic nervous system in human bone remodeling

• The humoral control of bone remodeling via bone marrow fat and dietary content 

• The role of bone as an endocrine organ

Part I: Sympathetic control of bone remodeling 
In chapter 2 we prospectively studied the effect of pharmacological modulation of the beta- 
adrenergic receptor on human bone metabolism. In chapter 3 we describe the effect of a 
reduced sympathetic tone, accomplished by pharmacological alpha-2 adrenergic receptor 
stimulation on human bone in vivo. In chapter 3 we also investigate the effect of direct 
stimulation of the alpha-2 adrenergic receptor in osteoclasts in vitro. To further elucidate the 
role of alpha-2 adrenergic receptor we investigated the association of polymorphisms in the 
alpha-2 adrenergic gene with fracture risk and bone mineral density in chapter 4.    
 
Part II: Humoral control of bone remodeling
Although bone marrow adipose tissue is well established as a component of the bone marrow 
compartment, longitudinal data on changes in bone marrow fat in humans are missing. In 
chapter 5 we describe the variation in vertebral bone marrow fat fraction among ovulating 
premenopausal women. We also determined the short-term effect of 17-β estradiol adminis-
tration on vertebral bone marrow fat fraction in postmenopausal women. 
With the rising prevalence of obesity, diets have become increasingly popular. While treatment 
of obesity is associated with improved health outcome, evidence suggests that diet compo-
sition can act negatively on bone. In chapter 6 we describe the effect of different amounts 
of dietary fat and carbohydrate content on bone turnover in healthy subjects.   

Part III: Bone as an endocrine organ
In mice, osteocalcin has been identified as a hormone with important metabolic and repro-
ductive actions. In humans, numerous correlative studies have investigated the role of 
osteocalcin in energy metabolism. Data on osteocalcin in human gonadal function are limited. 
In chapter 7 we describe the association of osteocalcin levels with the pituitary-gonadal axis 
in an unselected large cohort of older men. In chapter 8 we investigate the effect of changes 
in osteocalcin levels on glucose tolerance, insulin sensitivity and testosterone concentrations 
by means of a prospective intervention study.
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Abstract

Purpose Genetic knockout or pharmacological inhibition of the beta-2 adrenergic receptor 
(B2AR) increased bone mass, whereas stimulation decreased bone mass in rodents. In humans, 
observational studies support sympathetic nervous system regulation of bone metabolism, 
but intervention studies are lacking. We aimed to determine the effects of a selective beta-2 
adrenergic agonist and non-selective antagonist on human bone metabolism.

Methods Thirty-two healthy postmenopausal women were included in a randomized controlled 
trial conducted in the Academic Medical Center Amsterdam. Participants were randomized to 
receive treatment with 17-β estradiol 2 mg/day; 17-β estradiol 2 mg/day and terbutaline 5 mg/
day (selective B2AR agonist); propranolol 80 mg/day (non-selective B-AR antagonist); 
or no treatment during 12 weeks. Main outcome measure was the change in serum concen-
trations of procollagen type I N propeptide (P1NP) and C-terminal crosslinking telopeptides of 
collagen type I (CTx) as markers of bone formation and resorption after 12 weeks compared 
between the treatment groups. Data were analyzed with mixed model analysis.

Results 17-β estradiol decreased bone turnover compared to control (P1NP p < 0.001, CTx p 
= 0.003), but terbutaline combined with 17-β estradiol failed to increase bone turnover 
compared to 17-β estradiol alone (P1NP p = 0.135, CTx p = 0.406). Propranolol did not affect 
bone turnover compared to control (P1NP p = 0.709, CTx p = 0.981).

Conclusion Selective beta-2 adrenergic agonists and non-selective beta-antagonists do not 
affect human bone turnover although we cannot exclude small changes below the detection 
limit of this study.
 

Introduction

The sympathetic nervous system (SNS) is an important regulator of bone metabolism in rodents 
(1). Osteoblast-specific beta-2 adrenergic receptor (B2AR) knockout mice display increased 
bone formation and decreased bone resorption, resulting in a high bone mass phenotype (2). 
Likewise, pharmacological inhibition and stimulation of beta-adrenergic receptors increased 
and decreased bone mass, respectively (3, 4). 
It is still unknown whether human bone metabolism is under sympathetic control. Sixteen 
retrospective cohort and case-control studies, summarized in a recent meta-analysis (5), have 
investigated the association between beta-blocker use and fracture risk. Half of the studies 
reported a significant reduction in fracture risk; the other half reported no reduction or even 
an increase. Study populations were highly heterogeneous and ranged from 200 to almost 
400,000 subjects, with different sex and age distributions. The studies included populations 
using a range of beta-blocker preparations varying in dose and duration. Underlying diseases 
and co-medications also varied between the studies. Nevertheless the meta-analysis indi-
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cated that the use of beta-blockers was associated with a small but significant reduction in 
fracture risk. In contrast, only three studies have investigated the effect of beta-agonists on 
bone metabolism (6-8). A major limitation of all three studies was the administration by inha-
lation precluding significant systemic exposure. In addition, the study populations consisted 
of patients with chronic obstructive pulmonary disease, who frequently used some form of 
glucocorticoids which could easily have overwhelmed any effect of beta-agonists on bone. 
Therefore there is an urgent need for prospective studies investigating the effects of be-
ta-blockers and beta-agonists on bone metabolism. 
To date, only one prospective pharmacological intervention study on beta-adrenergic receptor 
modulation and bone metabolism has been reported (9). The authors of this study concluded 
that the non-selective beta-blocker propranolol did not affect bone metabolism although 
serum osteocalcin concentration decreased significantly. The effect of selective beta-2 adre- 
nergic receptor modulation has not been studied before. Therefore the aim of our study was 
to determine the effect of a selective beta-2 agonist on bone turnover in healthy postmeno-
pausal women in a randomized controlled trial. We hypothesized that systemic administration 
of a selective beta-2 agonist would increase bone turnover, parallel to the rodent studies. 
Since bone turnover is already increased in postmenopausal women (10), we determined the 
effect in women during estradiol substitution. In addition we studied the effect of a non- 
selective beta-antagonist, comparable to the previously reported study.   

Materials and Methods

Study design and setting
This multi-arm parallel randomized controlled trial was performed at the Endocrine Depart-
ment of the Academic Medical Center of the University of Amsterdam (AMC/UvA) in the 
Netherlands from May 2010 until September 2012. Subjects were randomly allocated to treat-
ment using a computer-generated (nQuery Advisor version 7.0, Statistical Solutions, Cork, 
Ireland) block randomization list with a block size of four. The investigators were blinded to 
treatment allocation, but after randomization the investigators and subjects were not blinded 
to treatment. Laboratory personnel analyzing the samples was blinded to treatment. The 
study was carried out in accordance with the principles of the Declaration of Helsinki and the 
Institutional Review Board of the AMC/UvA approved the protocol. The trial was registered in 
the Netherlands Trial Register (TC 2874) before start of the study.

Subjects
Thirty-two healthy postmenopausal women who had their last menstrual cycle 12 to 60 
months before inclusion were recruited from the general population via advertisements in 
local newspapers. Exclusion criteria were conditions or use of medication influencing bone 
metabolism and contraindications to treatment with estrogen, adrenergic beta-agonists and 
adrenergic beta-antagonists. All subjects provided written informed consent before study 
inclusion.



28 Beta-2 adrenergic receptor and human bone turnover

Intervention
Subjects (n = 8 per group) were randomized to receive treatment with 1] 17-β estradiol 2 mg 
daily (Zumenon, Abbott Products BV, Weesp, the Netherlands), 2] 17-β estradiol 2 mg daily 
and terbutaline 5 mg daily (Bricanyl, AstraZeneca UK Ltd., Luton, UK), 3] propranolol slow 
release 80 mg daily (Propranolol retard, Pharmachemie BV, Haarlem, the Netherlands) or 4] 
no treatment during 12 weeks. 

Measurements
At baseline, the investigators took a complete history, measured weight and height, performed 
dual energy x-ray absorptiometry (DXA) scanning (Hologic Discovery, Bedford, MA, USA; APEX 
system software version 3.3) and electrocardiography and drew venous blood samples after 
an overnight fast to determine serum concentrations of calcium, albumin, phosphate, para-
thyroid hormone, 25(OH) vitamin D, bone turnover markers, creatinine, and urea. After four, 
eight and 12 weeks subjects filled out questionnaires assessing study medication compliance 
and side-effects and provided venous blood samples after an overnight fast to determine the 
concentrations of bone turnover markers.

Main outcome
Changes in serum concentrations of the bone resorption marker C-terminal crosslinking 
telopeptides of collagen type I (CTx) and the bone formation marker procollagen type I N 
propeptide (P1NP) (together bone turnover markers) after 12 weeks were the main outcome 
measures. CTx and P1NP are recommended by the International Osteoporosis Foundation 
and the International Federation of Clinical Chemistry and Laboratory Medicine as interna-
tional reference markers for bone resorption and formation. In addition, we determined 
changes after 12 weeks in serum concentrations of osteocalcin, the bone formation marker 
commonly used in clinical practice and reported in the previous intervention study (9).

Analytical procedures
CTx, P1NP and osteocalcin were measured using immunoassays (Modular Analytics E 170, 
Roche Diagnostics Corporation, Indianapolis, IN, Orion Diagnostica, Espoo, Finland, and Bio-
Source, Nivelles, Belgium, respectively). The assay was performed at the end of the study 
period in a single batch. Serum concentrations of calcium, albumin, creatinine, urea and phos-
phate were measured on a Roche Modular autoanalyzer Cobas 8000 using standard colori-
metric techniques. Serum concentrations of parathyroid hormone and 25(OH) vitamin D were 
measured using an automated immunoassay (Roche Diagnostics Corporation, Indianapolis, 
IN and Diasorin, Stillwater, MN, USA respectively). Interassay coefficients of variation (CV) were 
as follows: CTx 3%, P1NP 8%, osteocalcin 8%, calcium 1.0%, albumin 1.6%, creatinine 1.2%, 
urea 1.9%, phosphate 1.4%, parathyroid hormone 2.3% and 25(OH) vitamin D 7.2%. All serum 
samples were collected in the morning between 7:00 and 9:00 h after an overnight fast and 
stored at -20 °C until analysis.
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Statistical analysis
The statistical analysis was carried out with SPSS for Windows (version 19.0; SPSS Inc., Chicago, 
IL, USA) and R statistical software for Windows (version 2.15, R Core Team. R: a language and 
environment for statistical computing 2013), package: nonlinear mixed effects (nlme). The 
mean and standard deviation (SD) or the median and interquartile ranges (IQRs) are reported 
depending on the distribution. All statistical tests were two-sided and a p-value of 0.05 was 
considered significant. To assess the effect of the intervention including all timepoints, we 
performed a linear mixed model analysis with treatment and visit as categorical fixed effects, 
a random intercept to correct for variance in baseline concentrations and correction for 
heteroscedasticity and repeated measurements (AR1). The assumptions of the model were 
met. To compare intervention groups after 12 weeks of the intervention period (post hoc) and 
correct for multiple testing, we used Tukey tests.

Power and sample size calculation
No specific methods exists to calculate power and sample size for linear mixed models. The 
best approximation is to employ an ANOVA model. It should be noted that the absence of the 
repeated measurements in the ANOVA model results in underestimation of the power. Using 
a one-way ANOVA with a two-sided significance level of 0.05 and assuming a standard deviation 
of 25%, a sample size of eight per group will have 80% power to detect a difference in means 
of at least 30%, which is considered clinically relevant (11).

Results

Subjects
Recruitment yielded 89 responses of which 29 subjects did not meet the inclusion criteria, 18 
declined to participate and four could not be reached by telephone. Thirty-eight subjects were 
randomized of which two did not complete the study due to side-effects of treatment (one 
subject experienced headache from beta-blocker treatment and one had vaginal discharge 
from 17-β estradiol treatment) and four participants did not receive the allocated intervention 
or did not comply with the assessments (one subject in the control group and one subject  
in the 17-β estradiol group withdrew for personal reasons, one in the 17-β estradiol group 
refused medication and one in the 17-β estradiol combined with beta-agonist group was 
excluded due to corticosteroid use which became known after randomization). Table 1 shows 
the baseline characteristics of the participants. Compliance with study medication was 99% 
and there were no differences between treatment groups. No serious adverse events were 
recorded during the intervention.
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Table 1 Baseline characteristics subjects.

17-β estradiol
17-β estradiol  
and terbutaline

Propranolol Control

Number  8  8  8  8

Age 52 (2.9) 52 (2.7) 53 (3.4) 53 (2.9)

Age at menopause 49 (3.0) 50 (3.8) 50 (3.0) 50 (1.6)

Body Mass Index [kg/m2] 26 (3.8) 23 (3.2) 25 (2.5) 25 (2.7)

Smoking [n]  2 3 1 0

DXA T-score femoral neck -0.6 (0.5) -0.7 (0.8) -0.7 (1.2) -0.8 (0.9)

DXA T-score L1-L4 -0.7 (0.7) -0.3 (1.5) -0.5 (0.9) -0.7 (1.1)

Serum concentrations

Calcium [2.2-2.6 mmol/L] 2.33 (0.06) 2.34 (0.07) 2.35 (0.09) 2.34 (0.07)

25(OH) Vit D [75-250 nmol/L] 40 (26) 47 (25) 55 (20) 65 (36)

PTH [0.6-6.7 pmol/L] 4.8 (1.3) 5.3 (1.9) 5.8 (0.8) 4.6 (1.0)

Osteocalcin [0.4-4.0 nmol/L] 1.50 (1.40) 2.70 (0.78) 1.89 (0.86) 1.68 (1.46)

CTx [< 1008 ng/L] 293.6 (153.5) 351.1 (140.6) 388.6 (122.6) 302.6 (136.8)

P1NP [19-96 μg/L] 45 (9) 56 (14) 55 (11) 52 (13)

Bone turnover markers
As expected from the randomization, the groups did not differ at baseline. P1NP, CTx and 
osteocalcin followed normal distributions. Mixed model analysis showed an overall significant 
effect of treatment and time for P1NP (p < 0.001 for both) and CTx (p = 0.003 and p = 0.015 
respectively). There was no effect of treatment or time on osteocalcin (p = 0.277 and p = 0.437, 
respectively).
Post hoc tests showed that 17-β estradiol decreased P1NP and CTx (p < 0.001 and p = 0.003 
respectively) as compared to the control group. Combined terbutaline and 17-β estradiol 
decreased P1NP significantly (p = 0.039) but not CTx (p = 0.242) as compared to the control 
group, however there was no difference in P1NP and CTx as compared to the 17-β estradiol 
group (P1NP p = 0.135 and CTx p = 0.406). There was also no difference in P1NP and CTx 
between the propranolol and the control group (P1NP p = 0.709 and CTx p = 0.981) (Figure 1).
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Figure 1 P1NP, CTx and osteocalcin concentrations at baseline and after 12 weeks per treatment group.
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Discussion

This randomized controlled trial shows that 12 weeks of treatment with terbutaline, a selective 
beta-2 agonist, or propranolol, a non-selective beta-antagonist, does not affect bone turn-
over in postmenopausal, healthy women as measured by changes in serum bone turnover 
markers CTx, P1NP and osteocalcin although we cannot exclude small changes below the 
detection threshold of this study. Therefore we could not confirm the effect of pharma- 
cological beta-adrenergic stimulation or inhibition on human bone remodeling as has been 
observed in rodents. 

Part of our results are supported by a previously published randomized controlled trial in 
postmenopausal women showing that 12 weeks of propranolol treatment (160 mg daily) com-
pared to placebo, had no effect on P1NP and alkaline phosphatase activity, markers of bone 
formation, although serum osteocalcin concentration decreased significantly by twenty 
percent (9). Urine free deoxypyridinoline and serum CTx, markers of bone resorption, both 
decreased approximately 10% in the propranolol group, which was assumed to be caused by 
a change in glomerular filtration rate during the study period and was not considered a relevant 
effect. The conclusion from this study, that propranolol did not affect bone turnover, is in 
accordance with our result. 
One year after the publication of the aforementioned trial in humans, two studies investigated 
dose effects of propranolol on bone turnover in rats and showed that low doses of propra-
nolol (0.1 and 5 mg/kg) increased bone mineral density whereas higher doses (up to 20 mg/
kg) did not (3, 12). Therefore we lowered the dose to the lowest dose of propranolol available 
in a slow-release preparation, 80 mg of propranolol, which is approximately 1.2 mg/kg and 
this should have had an effect on bone metabolism.
Two recent studies supported SNS regulation of bone metabolism in humans. The first study 
showed that bone resorption was increased in phaeochromocytoma patients and normalized 
after adrenalectomy (13). Phaeochromocytomas are tumors of the adrenal gland producing 
catecholamines, the natural ligands of adrenergic receptors and important neurotransmitters 
of the SNS. Although in this study the source of the neurotransmitters was the adrenal gland 
and not the SNS, the study suggests that stimulation of human bone turnover by the SNS is 
possible. A study on patients with malignant pheochromocytoma and bone metastases 
showed a high prevalence of skeletal-related events (14). The second study observed an inverse 
association of sympathetic activity, measured with microneurography, with trabecular micro-
structure and bone strength in women (15), highlighting the adverse effect of increased 
sympathetic activity on bone structure. In addition, sympathetic and parasympathetic tone, 
measured with sympathetic skin responses and heart rate variability, were increased and 
decreased respectively in women with osteoporosis compared to healthy women (16) and a 
rapid resting heart rate was associated with an increased risk of osteoporotic fracture in elderly 
women (17).
Considering these observations, a regulatory influence of the SNS on bone metabolism seems 
to be present in humans. However, our study shows that pharmacological manipulation of the 
beta-2 adrenergic receptor does not influence bone turnover. A possible explanation for this 
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discrepancy could be the contribution of other adrenergic receptors to bone turnover. Al-
though expression of the beta-1 adrenergic receptor on bone cells is supposed to be low or 
absent, beta-1 adrenergic receptor knockout and beta-1/beta-2 double knockout mice have 
reduced bone mass unlike beta-2 receptor knockout mice (18, 19). In addition, alpha-2A and 
alpha-2C adrenergic receptor female knockout mice had an increased bone mass despite 
elevated catecholamine levels (20). 

We included early postmenopausal women in our study since they are vulnerable to bone 
loss because of estrogen depletion. Bone turnover in postmenopausal women is characterized 
by an increase in bone resorption and bone formation, resulting in a net loss of bone (10). 
Since we hypothesized that terbutaline would also increase bone turnover, we combined the 
administration of terbutaline with 17-β estradiol to augment the chance of detecting an effect 
of terbutaline. As a control group, we added a group treated with 17-β estradiol alone. 
Subjects received 5 mg terbutaline daily (70 μg/kg), which is the recommended dose for sys-
temic treatment of broncho-obstructive disease in humans. In rodents, administration of 
beta-2 agonists reduced bone mass, but it should be noted that the doses of beta-2 agonists 
used in rodent studies exceeded the therapeutic range in humans by 50 to 1000 fold (4). 
The intervention period in this study was 12 weeks. The remodeling cycle of bone takes 
approximately three months (21). During this period we observed no effect, nor a trend towards 
an effect, in the propranolol and control groups. In the estrogen and combined estrogen/
terbutaline groups, CTx concentrations reached a plateau already after four weeks of treat-
ment, with no trend towards an additive effect of terbutaline at 12 weeks. P1NP concentrations 
did not reach a plateau, but there was again no trend towards an additive effect of terbutaline 
after 12 weeks, suggesting that a 12 week study duration is adequate to detect clinically relevant 
changes in bone turnover. 
In our power calculation before start of the study, we estimated the standard deviations of 
our outcome measures P1NP and CTx to determine the group size. For P1NP the assumptions 
were met to detect a change of 30% at the end of the study. However, at the end of the study 
period, the standard deviation of CTx was larger than expected. Therefore the minimal change 
in CTx concentration we could detect with 80% power was 55%. This change is still close to 
the lowest threshold for clinical relevance of 30% and a conservative approach compared to 
the changes in bone turnover markers observed with therapies such as bisphosphonates, 
teriparatide, denosumab and corticosteroids which easily exceed changes of 100%.

In conclusion, the SNS is an important regulator of bone metabolism in rodents; however, its 
role in humans remains speculative. Retrospective observational studies have shown a pos-
sible influence of the SNS, but prospective intervention studies are difficult to perform due 
to the functional heterogeneity of the SNS and the low accessibility of bone tissue. The 
present prospective randomized intervention trial does not show an effect of selective beta-
2 adrenergic agonist or non-selective beta-adrenergic antagonist on bone metabolism in 
healthy postmenopausal women. Therefore, this does not seem a feasible approach to influence 
bone metabolism in humans.
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Abstract

Introduction Inhibition of sympathetic signaling to bone reduces bone resorption in rodents. 
It is uncertain whether a similar role for the sympathetic nervous system exists in humans. 
The sympathetic tone can be reduced by clonidine, which acts via alpha-2 adrenergic recep-
tors in the brainstem. Our objective was to determine the effect of clonidine on bone turnover 
in humans. 

Methods The acute effect of a single oral dose of 0.3 mg clonidine on serum bone turnover 
markers (C-terminal crosslinking telopeptides of collagen type I (CTx), a marker for bone 
resorption and procollagen type 1 N propeptide (P1NP), a marker for bone formation) was 
determined in a randomized crossover design in 12 healthy volunteers, aged 18-70 years. 
In addition, we assessed the effect of clonidine on the number of tartrate-resistant acid 
phosphatase-positive multinucleated cells (TRAcP+ MNCs) and bone resorption. 

Results CTx concentrations increased after clonidine treatment compared to the control 
condition (p = 0.035). P1NP concentrations were not affected by clonidine (p = 0.520). 
In vitro, clonidine had no effect on the number of TRAcP+ MNCs (p = 0.513) or on bone 
resorption (p = 0.996). 

Conclusions We demonstrated that clonidine increases bone resorption in humans in vivo. 
This effect does not appears to be mediated via a direct effect on the osteoclast.

Introduction

Bone remodeling is under control of the sympathetic nervous system (1-3). Knockout of the 
beta-2 adrenergic receptor (β2-AR) in osteoblasts resulted in a high bone mass phenotype 
(4). In line, administration of a β-blocker or β-agonist was shown to increase and decrease 
bone mass in mice, respectively (5-7). The role of the sympathetic nervous system in bone 
turnover was further supported by the high bone mass phenotype in mice with low sympa-
thetic activity, due to dopamine β-hydroxylase deficiency (8). Recently, the role of the 
sympathetic nervous system in bone metabolism was extended by investigating mice with a 
double knockout of alpha-2A and alpha-2C adrenoceptor genes (9). Alpha-2 adrenoreceptors 
are expressed in the brainstem, and when activated sympathetic activity is reduced. Conse-
quently, knockout of alpha-2 adrenoceptors resulted in chronic sympathetic hyperactivity, 
indicated by increased norepinephrine release. Unexpectedly, these mice presented with a phe-
notype of high bone mass with increased bone formation and decreased bone resorption. 
It is uncertain whether human bone metabolism is also under control of the sympathetic 
nervous system. Epidemiological studies on the association between beta-blocker use and 
fracture risk showed inconclusive results, with β-blockers having positive, negative, or no 
effects on bone mass (10-22). Two recent meta-analyses indicate a small but significant risk 
reduction (15% and 17%, respectively) of any fracture in patients treated with beta-blockers 
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(23, 24). This risk reduction was, however, associated with the use of beta-1 selective blockers, 
rather than non-selective beta-blockers. A case-control study comparing bone turnover in 
pheochromocytoma patients and controls showed that pheochromocytoma patients have 
increased bone resorption, which normalizes after adrenalectomy (25, 26). These findings 
support the concept of regulation of bone remodeling by the sympathetic nervous system in 
humans. 
Pharmacological activation of alpha-2 adrenergic receptors in the brainstem by clonidine leads 
to a reduction in sympathetic tone. Clonidine is typically prescribed to treat hypertension and 
menopausal flushes. To study the effect of the sympathetic nervous system on bone in hu-
mans, we conducted a crossover study determining the acute effect of a single oral dose of 
0.3 mg clonidine (a selective alpha-2 adrenergic receptor agonist) on bone turnover markers 
in 12 healthy subjects. We hypothesized that pharmacological alpha-2 adrenergic stimulation 
decreases C-terminal crosslinking telopeptides of collagen type I (CTx) and procollagen type 1 
N propeptide (P1NP) concentrations, indicating decreased bone turnover. Unexpectedly, CTx 
concentrations increased after clonidine treatment compared to the control condition, indi-
cating enhanced bone resorption. In view of these results, we further investigated whether 
the effects of clonidine are mediated via direct stimulation of alpha-2 adrenergic receptors 
on the osteoclast by determining the effect of clonidine on osteoclastogenesis and bone 
resorption in vitro.
 

Subjects and Methods

In vivo effect of clonidine on bone formation and resorption

Subjects 
Twelve healthy female and male volunteers aged 18-70 years were recruited for this crossover 
study. Exclusion criteria for participation were 1] contraindications to clonidine, i.e., hyper-
sensitivity, pulse rate < 50 per minute, use of antihypertensive drugs or drugs with negative 
chronotropic effects on the heart; 2] any medication or disease influencing bone turnover; 
3] blood pressure < 110/70 mmHg; and 4] pregnancy. At baseline, we took a complete history 
and measured body weight, height, and blood pressure. A venous blood sample was drawn 
after an overnight fast to determine serum concentrations of calcium, albumin, phosphate, 
parathyroid hormone (PTH), 25-hydroxyvitamin D (25(OH)D), creatinine, and alkaline 
phosphatase. 

Study design
This open-label crossover trial was performed at the Department of Endocrinology and 
Metabolism of the Academic Medical Center of the University of Amsterdam (AMC/UvA) in the 
Netherlands. All participating subjects were studied two times (clonidine and control) and 
served as their own control. The two study days were separated by a washout period of at 
least one week. Participants were randomly allocated to clonidine followed by no intervention 
or no intervention followed by clonidine using a computer-generated randomization list 
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(nQuery Advisor version 7.0, Statistical Solutions, Cork, Ireland). An antecubital vein of the arm 
was cannulated for all blood sampling. A baseline blood sample was drawn between 8:30 and 
9:00 h to determine bone turnover markers (C-terminal crosslinking telopeptides of collagen 
type I [CTx] and procollagen type 1 N propeptide [P1NP]), normetanephrine, and creatinine 
concentrations in plasma or serum, after which participants received either a single oral dose 
of clonidine (a selective alpha-2 adrenoceptor agonist) 0.3 mg or no intervention at 9:00 h. 
Five blood samples were drawn during the following 6 h to determine bone turnover markers, 
normetanephrine, and creatinine concentrations. All blood samples were centrifuged within 
30 min and stored at -20 °C until analysis. Participants were fasted throughout the experiment 
but were allowed to drink water. They were restricted to bed rest with minimal physical activity. 
During the experiment, blood pressure and heart rate were monitored every 15 min, with a 
Microlife® BP 3 AC1-1 automatic device. The study was approved by the Institutional Review 
Board of the Academic Medical Center (AMC) in Amsterdam and was carried out in compliance 
with the Helsinki Declaration. All subjects agreed to participate in the study and written in-
formed consent was obtained from all participants. The trial was registered in the Netherlands 
Trial Register (NTR3762) before start of the study.

Measurements and analytical procedures
CTx, a marker of bone resorption, and P1NP, a marker of bone formation, were measured 
as bone turnover markers. CTx and P1NP concentrations were measured using an immuno-
assay (Modular Analytics E 170; Roche Diagnostics Corporation, Indianapolis, IN; and Orion 
Diagnostica, Espoo, Finland, respectively), as described earlier (27). Plasma normetaneph-
rine was determined by automated online solid phase extraction HPLC-tandem mass spec-
trometry as described by De Jong et al. (28). Serum creatinine concentrations were measured 
on a Hitachi Modular 8000 (C602 and C702) (Roche Diagnostics, Mannheim, Germany). As-
says were performed in duplicate and samples from a single subject were assayed within 
the same analytical batch. Interassay coefficients of variation were as follows: CTx 3%, P1NP 
8%, and normetanephrine 7.7%.

Effect of clonidine on osteoclast formation and activity

Cell isolation and culture  
CD14+ monocytes were isolated from human buffy coats (Sanquin, Amsterdam, the Netherlands) 
obtained from healthy volunteers who provided written informed consent. Briefly, human 
buffy coats were diluted with phosphate-buffered saline (PBS) containing 1% citrate (1:1), and 
then spun down (800 g, 30 min, without brake) in Ficoll gradient solution. The interphase 
containing the peripheral blood mononuclear cells was collected and washed four times in 
0.5% bovine serum albumin buffer (2 mM EDTA, phosphate-buffered saline) and then passed 
through a cell strainer (40 mm) (Greiner Bio-One) to ensure the recovery of a clean mononu-
clear cell population. Cells were counted using a Muse cell counter (Merck Millipore, Darm-
stadt, Germany) and incubated with CD14 antibody tagged microbeads (Miltenyi Biotec) (1 x 
107 cells in 20 μL microbead solution) for 15 min at 4 °C and then sorted using a manual 
MACS magnetic cell sorter (Miltenyi Biotec) according to the manufacturer’s instructions. This 
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method is frequently used to isolate osteoclast precursors (29). The purity of the cells was 
confirmed to be 86% by flow cytometry (Accuri C6, Becton Dickinson) using a FITC-labeled 
CD14 antibody and mouse IgG2a isotype antibody (both Miltenyi Biotec) as control. Purified 
CD14+ cells were suspended in culture medium consisting of αMEM (Life Technologies) sup-
plemented with 10% fetal calf serum (HyClone I), 1% penicillin/streptomycin (Sigma-Aldrich), 
and 25 ng/mL macrophage colony-stimulating factor (M-CSF) (R&D systems). Bovine cortical 
bone slices of 650 μm thickness were soaked in a 96-well plate (Greiner Bio-One) with 100 μL 
culture medium for 2 h prior to seeding. Next, the medium was removed and 75 μL of medium 
containing 25 ng/mL M-CSF was added to the bone slices, upon which 75 μL of cell suspension 
containing 1.5 x 105 cells was added. After three days of culturing with M-CSF, the medium 
composition was changed to 10 ng/mL M-CSF and 2 ng/mL receptor activator of nuclear factor 
kappa-B ligand (RANKL) (R&D Systems). All cultures were maintained at 37 °C, in a humidified 
atmosphere under 5% CO2. Culture media were replaced every three to four days.  
A time titration experiment was performed first, to determine the appropriate point in time 
to add clonidine. In this experiment, CD14+ cells were cultured for 28 days, with collection of 
samples for tartrate-resistant acid phosphatase (TRAcP) staining and bone resorption at days 
7, 10, 14, 17, 21, 24, and 28. On day 17, wells were dissolved in RNA lysis buffer from the RNeasy 
Mini Kit (Qiagen, Hilden, Germany) and stored at -80 °C for RNA isolation to determine 
messenger RNA (mRNA) expression of osteoclast-related genes (tartrate-resistant acid phos-
phatase [TRAP], cathepsin K [CTSK], calcitonin receptor [CALCR] and dendritic-cell-specific 
transmembrane protein [DCSTAMP]) and of alpha-2 adrenergic receptor subtypes (ADRA2A, 
ADRA2B, ADRA2C). Based on the bone resorption results from this experiment (data not 
shown), we decided to add clonidine after 14 days of culturing. 
In a separate experiment, clonidine (Sigma-Aldrich) was added to the culture medium after 
14 days of culturing in increasing concentrations (10-9 M, 10-7 M, and 10-5 M). These concen-
trations were chosen based on peak plasma concentrations achieved after a single oral dose 
of clonidine 0.3 mg (30, 31) and concentrations used in a previous in vitro study using mouse 
osteoclasts (9). Wells containing the solvent (water) used for clonidine served as controls. After 
14, 21, and 28 days of culturing, wells were washed with PBS and the cells were either fixed 
in 4% formaldehyde (used for TRAcP staining) or washed with water (used for bone resorption) 
and stored at 4 °C. All cultures were run at least in fivefold (for TRAcP staining), in tenfold (for 
bone resorption), and in sixfold (for RNA analysis).

TRAcP staining and cell count
Osteoclast-like cells were defined as multinucleated (three or more nuclei) tartrate-resistant 
acid phosphatase (TRAcP)-positive cells. After 14, 21, and 28 days of culturing TRAcP positivity 
was determined by enzyme histochemistry (Leukocyte Acid Phosphatase Staining Kit, Sigma- 
Aldrich). Nuclei were stained with diamidino-2-phenylindole dihydrochloride (DAPI). Per bone 
slice, the number of TRAcP-positive cells with three or more nuclei were counted at a x200 
magnification. We considered multinucleated cells with three to five nuclei as small osteoclasts 
and multinucleated cells with more than five nuclei as large osteoclasts. The data were ex-
pressed as number of TRAcP+ multinucleated cells (MNCs) per square centimeter.  
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Osteoclast resorption assay
In order to evaluate osteoclast activity, resorption was analyzed after a culture period of 14, 21, 
and 28 days. Cells were lysed with demineralized water, after which bone slices were sonicated 
for 30 min in 10% ammonium to remove the cell remnants. Bone slices were then thoroughly 
washed with demineralized water and subsequently incubated in a 10% saturated alum 
(KAl(SO4)2·12H2O) solution for 10 min. Finally, the bone slices were washed again with demine- 
ralized water and the resorption pits were stained with Coomassie brilliant blue. An entire 
bone slice was micrographed at a x200 magnification, using a digital camera, mounted on a 
light microscope (both from Leica, Wetzlar, Germany). We reconstructed the bone slices by 
merging the micrographs using Adobe Creative Suite Bridge (San Jose, CA, USA). The resorbed 
area was measured using Image Pro-Plus Software (Media Cybernetics, Silver Spring, MD, USA) 
and expressed as percentage of the total surface area.

RNA isolation and qPCR
Gene expression of osteoclast-related genes (TRAP, CTSK, CALCR, and DCSTAMP) and of alpha-2 
adrenergic receptor subtypes (ADRA2A, ADRA2B, ADRA2C) was quantified by PCR at 17 days 
of culturing. Total RNA was extracted using the RNeasy Mini Kit (Qiagen) according to the manu- 
facturer’s instructions. Reverse transcription of RNA was performed using the MBI Fermentas 
cDNA synthesis kit (Fermentas, Lithuania), using both the Oligo(dT)18 and the D(N)6 primers. 
Quantitative PCR (qPCR) was performed on the ABI PRISM 7000 Sequence Detection System 
as described previously (32). Primers were designed using the Primer Express software (version 
2.0, Applied Biosystems, Foster City, CA, USA) (Table 1). To avoid amplification of genomic DNA, 
primers were designed such that each amplicon spanned at least one intron. The PCR reactions 
of the different amplicons had equal efficiencies as determined by serial dilutions of a calibra-
tor sample. For the PCR analysis, porphobilinogen deaminase (PBGD) was used as housekeep-
ing gene. Expression of this gene was not affected by the experimental conditions. Samples 
were normalized for the expression of PBGD by calculating the ΔCt (Ctgene of interest - CtPBGD). 
Expression of the different genes is expressed as 2-(ΔCt). 

Statistical analysis
All data were analyzed using SPSS for Windows (version 21.0, SPSS Inc., Chicago, IL, USA). The 
mean and standard deviation (SD) or the median and interquartile range (IQR) are reported 
depending on the distribution. To determine the acute effect of a single oral dose of a selective 
alpha-2 adrenoceptor agonist versus no intervention on bone turnover and normetanephrine 
concentrations, we performed linear mixed model analysis with treatment and time as cate-
gorical fixed effects with correction for repeated measurements (AR1). The assumptions of 
the model were met (e.g., normally distributed residuals and homogeneous variances). For 
post hoc analysis of bone turnover marker and normetanephrine concentrations at the different 
time points, we used the paired t test.
Comparisons of the number of TRAcP+ MNCs and percentage of resorbed bone area over 
time and between the different culture conditions at day 21 and day 28 were made with a 
Kruskal-Wallis test, followed by post-hoc comparison. All analyses were tested at the 0.05 level 
of significance.
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Table 1 qPCR primer sequences

Primer Sequence 5’   3’ Amplicon length (bp) Ensembl Gene ID

PGBD
TgCAgTTTgAAATCATTgCTATgTC
AACAggCTTTTCTCTCCAATCTTAgA

84 ENSG00000113721

TRAP
CACAATCTgCAgTACCTgCAAgAT
CCCATAgTggAAgCgCAgATA

128 ENSG00000102575

CTSK
CCATATgTgggACAggAAgAgAgTT
TgCATCAATggCCACAgAgA

149 ENSG00000143387

CALCR
gCATACCAAggAgAAggTCCATAT
ATACTCCAgCCggTgTgTCAT

78 ENSG00000004948

DCSTAMP
ATTTTCTCAgTgAgCAAgCAgTTTC
AgAATCATggATAATATCTTgAgTTCCTT

101 ENSG00000164935

ADRA2A
gCgAgATCAACgACCAgAAgT
TCTggTAgATgCgCACgTAgA

101 ENSG00000150594

ADRA2B
CCCATggCCTCTTCCAgTT
gAAggCACggCggAAgT

100 ENSG00000222040

ADRA2C
gTgTggTgCggCgTgTAC
CCTgCgTCACCgACCAgTA

102 ENSG00000184160

For each gene, the first oligonucleotide sequence represents the forward primer and the second  sequence, 
the reverse primer. 
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Results

In vivo experiment

Subject characteristics
We enrolled a total of 12 eligible study participants: four men, and five premenopausal and 
three postmenopausal women with a median age of 27 (IQR 32) years. All subjects had calcium, 
albumin, phosphate, PTH, and alkaline phosphatase concentrations within the reference range 
and normal kidney function. The median 25(OH)D concentration was 50 (IQR 24) nmol/L. None 
of the participants had a (family) history of bone diseases or fractures. Two subjects were 
current moderate smokers, and two were former smokers. None of the study subjects used 
> 2 units alcohol/day. Three premenopausal women used monophasic combined oral contra-
ceptives. All had their tablet-free interval during the control day of the experiment. Two women 
had a regular menstrual cycle and were in the follicular phase during the intervention with 
clonidine. The other subjects did not use any medication.         

Sympathetic nervous system and bone turnover markers 
Stimulation of alpha-2 adrenoceptors by clonidine leads to a reduction in central sympathetic 
outflow and a resultant decrease in blood pressure, as well as a decrease in catecholamine 
release from sympathetic nerves. Plasma normetanephrine, a norepinephrine metabolite, 
concentrations can be regarded as a marker of sympathetic tone. As expected blood pressure 
(data not shown) and normetanephrine concentrations declined after clonidine treatment 
(Figure 1A). Baseline CTx (bone resorption) and P1NP (bone formation) concentrations were 
not different between the intervention and control days (p = 0.398 and p = 0.196, respectively). 
CTx was higher after clonidine compared to the control condition (time*intervention effect, p 
= 0.035) (Figure 1B). The effect was most evident 2 h (11:00) after clonidine administration, 
with CTx concentrations of 568.5±150.9 ng/L versus 474.9±143.1 ng/L in the control condition 
(p = 0.001). CTx concentrations remained significantly different throughout the remainder of 
the experiment (13:00, p = 0.005, and 15:00, p = 0.028). P1NP concentrations were not affected 
by clonidine (p = 0.520) (Figure 1C).
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Figure 1 Normetanephrine (nmol/L) (A); C-terminal crosslinking telopeptides of collagen type I (CTx) (ng/L), a 
marker for bone resorption (B); and procollagen type 1 N propeptide (P1NP) (μg/L), a marker for bone formation 
(C) on the control (open dots) and intervention (closed dots) time points. Normetanephrine concentrations 
declined after clonidine treatment (time*intervention effect, p < 0.001). CTx was higher after clonidine compared 
to control (time*intervention effect, p = 0.035). P1NP concentrations were not affected by clonidine (time* 
intervention effect, p = 0.520). Data are expressed as mean±SEM. * p < 0.05; ** p < 0.01; *** p < 0.001. 
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In vitro experiment

Formation of TRAcP+ MNCs and bone resorption
Tartrate-resistant acid phosphatase-positive (TRAcP+) multinucleated cells (MNCs) were 
observed after 14 days of culturing (Figure 2A). The number of TRAcP+ MNCs increased in the 
course of the experiment, with a significant difference in the number of TRAcP+ MNCs (3-5 
nuclei, 5+ nuclei, and total number) between 14 and 28 days of culturing (p = 0.003, p = 0.008, 
and p = 0.003). The total number of TRAcP+ MNCs increased from 103 (IQR 32) on day 14 to 
649 (IQR 233) TRACP+ MNCs/cm2 on day 28 of culturing (Figure 2B).
Bone resorption pits could be visualised at 14 days of culturing (Figure 3A). In line with the  
formation of TRAcP+ MNCs, there was an increase in bone resorption from 1.1 (IQR 0.7) % to 6.9 
(IQR 4.6) % of resorbed bone area between day 14 and day 28 of culturing (p = 0.001) (Figure 3B).    

mRNA expression
At 17 days of culturing, osteoclast-like cells generated from human CD14+ cells expressed mRNA 
for all investigated osteoclast-related genes; TRAP, CTSK, CALCR and DCSTAMP (Ct values of 
17.5-29.3 cycles), as well as the three alpha-2 adrenergic receptor subtypes (Ct values of 
26.0-30.1 cycles). 

Effect of clonidine on osteoclast formation and osteoclast activity
No significant effect of clonidine on the number of TRAcP+ MNCs (3-5 nuclei, 5+ nuclei, and 
total number) could be observed after 21 (p = 0.446, p = 0.380, and p = 0.693) and 28 days 
(p = 0.864, p = 0.454, and p = 0.513) of culturing (Figure 2B). 
The percentage of resorbed bone area did also not significantly differ between clonidine and 
control at 21 and 28 days of culturing (p = 0.789 and p = 0.996, respectively) (Figure 3B). 
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Figure 2 Representative example of tartrate-resistant acid phosphatase-positive (TRAcP+) multinucleated  
cell (MNC) (three nuclei or more) (arrows) formed from CD14+ monocytes isolated from human buffy coat at day 
21. Scale bar = 50 μm (A). Formation of TRAcP+ MNCs at culture day 14, 21 and 28. Data are expressed as total 
number of TRAcP+ MNCs per square centimeter (mean±SEM). ** p < 0.01. CLO=clonidine (B).
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Figure 3 Representative example of resorption pits (RP) (arrows) stained with Coomassie brilliant blue at day 
21. Scale bar = 100 μm (A). Bone resorption at culture day 14, 21, and 28. Data are expressed as resorbed 
area as percentage of total surface area (mean±SEM). *** p < 0.001. CLO=clonidine (B).
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Discussion

In this study, we demonstrated that a pharmacological decrease of the sympathetic nervous 
system tonus by clonidine, an alpha-2 adrenergic receptor agonist, increases CTx concentrations 
in humans in vivo, indicating enhanced bone resorption. We demonstrated expression of 
alpha-2 adrenoceptors by human osteoclast-like cells, but in vitro osteoclast formation and 
activity were not affected by clonidine.   
 
Our data indicate that pharmacological inhibition of the sympathetic tone increases bone 
resorption in humans. This is compatible with recent findings in alpha-2A/C adrenergic receptor 
knockout mice, in which increased sympathetic activity was associated with decreased bone 
resorption and high bone mass (9). Both results oppose the general view that the sympathetic 
nervous system has a catabolic effect on the skeleton (4-8) and suggest that the observed 
changes in bone resorption are not sympathetically driven but mediated via direct stimulation 
of the alpha-2 adrenergic receptors on bone cells. To confirm this hypothesis we investigated 
the effect of clonidine on osteoclasts that were cultured in vitro. Osteoclast-like cells did 
express mRNA for all alpha-2 adrenergic subtypes, but osteoclast formation and activity were 
not affected by clonidine. These results are in line with previous observations. Arai et al. 
showed that treatment with clonidine does not affect the resorbing activity of human osteo-
clast-like cells generated from bone marrow obtained during artificial hip replacement surgery 
(33). In contrast, Fonseca et al. showed that osteoclasts generated from mouse bone marrow 
increased in number (51%) and activity (2.6-fold) in response to clonidine. The clonidine con-
centrations used were comparable to the concentrations in our experiment (9). A major 
difference between this study and ours is that we generated osteoclast-like cells from CD14+ 
cells selected from human buffy coats, while Fonseca et al. used osteoclasts that were 
cultured from mouse long bone marrow. Taken together these data strongly suggest that 
osteoclasts generated from CD14+ osteoclasts precursors of human origin do not respond 
to clonidine whereas those of mouse origin do.   

An explanation for the conflicting results from our in vivo and in vitro experiments remains 
speculative. The clonidine concentrations in the in vitro experiment were based on in vivo 
peak plasma concentrations achieved after a single oral dose of 0.3 mg clonidine (30, 31) and 
on concentrations from a previous osteoclast culture experiment in rodents (9) and should 
therefore be sufficient. The osteoclast-like cells we generated fulfilled the functional criteria 
of mature osteoclasts, with positive TRAcP staining, formation of resorption pits on bone 
slices, and expression of osteoclast-related genes. It is, however, not certain that these 
osteoclast-like cells behave similar to osteoclasts in vivo. In vitro generated osteoclasts are 
formed by adding cytokines (M-CSF and RANKL) to the culture medium, whereas in vivo the 
interaction between precursors and cells of the osteoblastic lineage appears to be essential. 
Therefore, in volunteers, coupling between osteoclasts and other bone cells may have taken 
place, which is absent in our CD14+ cell cultures. It is therefore likely that clonidine increases 
bone resorption indirectly, via osteocytes and/or osteoblasts. Indeed, these cells have been 
reported to express the alpha-2 adrenergic receptor (33-36) and osteocytes have recently 
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been recognized as a major player in skeletal activity (37). This would explain the observed 
discrepancy between the in vivo and in vitro effects of clonidine.  

In vivo CTx concentrations increased after clonidine administration, indicating increased 
bone resorption. Clonidine also lowered arterial blood pressure, but not to such an extent 
that renal perfusion was compromised causing modified CTx clearance. Since plasma creatinine 
concentrations were not different between the two experimental conditions (data not 
shown), it is unlikely that the increase in CTx after clonidine is caused by reduced renal 
clearance of CTx. Other causes for the increase in CTx concentrations also need to be con-
sidered. A single oral dose of clonidine increases plasma growth hormone levels (38). However, 
in a recent study in obese premenopausal women, growth hormone administration for 6 
months did not significantly increase CTx levels (39). Alpha-2 adrenergic receptor agonists 
have been reported to increase blood glucose levels (40), which might also influence bone 
turnover. We did not find a significant difference in glucose levels between the clonidine and 
control day (data not shown), making this explanation for the increase in CTx levels unlikely. 
Although we included in the in vivo experiment a heterogeneous group of only 12 subjects, 
we could demonstrate a robust effect of clonidine on bone resorption. This strengthens the 
biological relevance of the effect across different ages and sex. In addition, since baseline 
bone turnover marker concentrations were not significantly different between the intervention 
and control day, it is unlikely that other factors account for the changes in CTx concentrations 
we observed. 

The clinical relevance of the increased bone resorption observed with clonidine needs to be 
considered. Clonidine is licensed for the treatment of hypertension, migraine, and postmeno-
pausal vasomotor symptoms. Of note, postmenopausal women are already challenged with 
an increase in bone turnover. We did not investigate the long-term effect of clonidine use on 
bone turnover. However, based on the acute effect of a single oral dose of clonidine, prolonged 
treatment with clonidine could potentially aggravate the risk of developing osteoporosis. There 
are currently no studies on the association between long-term use of clonidine and bone 
mineral density or risk fracture.     

In conclusion, an acute decrease in the sympathetic tone by clonidine increases bone resorption 
in humans in vivo. This effect does not appear to be mediated via direct stimulation of alpha-2 
adrenergic receptors on the osteoclast.    
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Abstract 

Introduction Inhibition of sympathetic signaling through the beta-2 adrenergic receptor on 
the osteoblast reduces bone resorption in rodents. Recently, in vivo and in vitro studies have 
shown, that the alpha-2 adrenergic receptor might also be involved in the control of bone 
mass. Numerous genetic polymorphisms have been identified in all three alpha-2 adrenergic 
receptor subtypes and these polymorphisms have been associated with a broad spectrum of 
diseases. To date, associations between genetic variants at the alpha-2 adrenergic receptor 
gene locus and bone were only investigated in one study.  
Our objective was to examine the role of several single nucleotide polymorphisms (SNPs) in 
the alpha-2 adrenergic receptor genes (ADRA2A, ADRA2B, ADRA2C) in human bone traits in 
the Genetic Factors for Osteoporosis Consortium (GEFOS). 

Methods A total of 59 SNPs in the three alpha-2 adrenergic genes (ADRA2A, ADRA2B, ADRA2C) 
were used in the analysis. We determined the association of these single nucleotide polymor-
phisms with bone mineral density (BMD) in 32,961 participants from 17 genome-wide associa-
tion studies. For the association with fracture, up to 24 studies with 19,414 individuals with a 
history of fracture (cases) and 83,459 controls were used. BMD was measured at the femoral 
neck and lumbar spine using dual-energy X-ray absorptiometry. 

Results There was no significant association of any of the 32 investigated alpha-2 adrenergic 
receptor single nucleotide polymorphisms and BMD or fracture risk. 

Conclusion In conclusion, single nucleotide polymorphisms in the alpha-2 adrenergic receptor 
genes are not associated with fracture risk or bone mineral density. 
 

Introduction

In rodents, the sympathetic nervous system (SNS) increases bone resorption by signaling 
through the beta-2 adrenergic receptor on the osteoblast (1). Recently, the role of the SNS in 
bone metabolism has been extended by investigating mice with chronic sympathetic hyper-
activity due to a knockout of alpha-2A and alpha-2C adrenergic receptor genes (2). The alpha-2 
adrenergic receptor is expressed in the brainstem and when activated sympathetic activity 
is reduced. Unexpectedly, these knockout mice presented with a phenotype of high bone 
mass with increased bone formation and decreased bone resorption, despite the elevated 
sympathetic tone. These results were confirmed in a study in humans, in which a pharmaco-
logical reduction of the sympathetic tone by alpha-2 adrenergic receptor stimulation resulted 
in an increase in bone resorption (3). These two studies oppose the general view that the SNS 
has a catabolic effect on the skeleton and suggest that the observed changes in bone re-
modeling are not sympathetically driven, but rather mediated via a direct effect on bone. 
In accordance with this, the alpha-2 adrenergic receptor is expressed in bone cells (4-7). It 
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also shows that that the beta-2 adrenergic receptor is not the unique adrenoceptor involved 
in the control of bone mass.  
The alpha-2 adrenergic receptor is a G-protein coupled receptor (GPCR). Three distinct sub-
families, alpha-2A, alpha-2B and alpha-2C, are present in humans and these are encoded by 
intronless genes (ADRA2A, ADRA2B, ADRA2C) localized on chromosomes 10, 2 and 4, respec-
tively. Activation of the alpha-2 adrenergic receptor leads to coupling to the inhibitory guanine 
nucleotide binding protein (Gi), initiating downstream signaling pathways such as inhibition of 
adenylyl cyclase and thus intracellular cyclic adenosine monophosphatase (cAMP) formation 
(8,9). Alpha-2 adrenergic receptors are widely distributed in both the peripheral and central 
nervous system and mediate a variety of physiological responses (10).
Numerous polymorphisms have been identified in all three alpha-2 adrenergic receptor sub-
types and they have been associated with a broad spectrum of phenotypes, including various 
psychiatric conditions, glucose metabolism, hypertension and autonomic nervous system 
function (11). To date, only one study investigated the association of two single nucleotide 
polymorphisms (SNPs) (rs553668 and rs1800544) located in the alpha-2A adrenergic gene 
with bone traits in a cohort of 661 Slovenian subjects (7). Significant associations were observed 
between minor allele variants in the alpha-2A adrenergic receptor gene locus and bone mineral 
density (BMD) at the lumbar spine and bone turnover marker levels. 
To further examine the role of alpha-2 adrenergic signaling in human bone metabolism, we 
investigated the association of 59 single nucleotide polymorphisms in the three alpha-2 
adrenergic receptor genes with fracture risk and bone mineral density in the Genetic Factors 
for Osteoporosis Consortium (GEFOS) consortium (12).  

Materials and Methods

Study design 
This study was conducted with data from the Genetic Factors for Osteoporosis Consortium. 
GEFOS is a consortium of several international investigator teams from North America, Europe, 
East Asia and Australia dedicated to elucidate the genetics of osteoporosis. The influence of 
SNPs in the alpha-2 adrenergic genes on femoral neck and lumbar spine bone mineral density 
and on fracture risk was investigated using results from the meta-analysis of the genome-wide 
association (GWA) data (12). All studies were approved by their respective institutional ethics 
committees, and all subjects agreed to participate and provided written informed consent.
 
Single nucleotide polymorphism selection and genotyping
Several genetic variants of the ADRA2A, ADRA2B and ADRA2C gene have been identified. 
These SNPs have been associated with a broad spectrum of phenotypes and diseases (Sup-
plementary Table 1). Based on information from previous studies and an Entrez SNP database 
search (http://www.ncbi.nlm.nih.gov/snp/), we included 59 SNPs within alpha-2 genes in the 
analysis. Genotyping, imputation and quality control were performed for each study inde-
pendently, following standard protocols. Minimum genotyping quality control criteria were 
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defined as sample call rate of > 80%, SNP call rate of > 90%, Hardy-Weinberg equilibrium  
p-value of > 1 x 10-4 and minor allele frequency of > 1%. An extensive methods description 
can be found in (12).

Bone mineral density measurements and fracture definition
Lumbar spine and femoral neck BMD was measured in all cohorts using dual-energy X-ray 
absorptiometry following standard protocols, described in detail in (12).
Any type of fractures consisted of low-trauma fractures at any skeletal site (except fingers, 
toes and skull) occurring after the age 18 years, assessed by X-ray, radiographic report, clinical 
record, clinical interview and/or questionnaire. High-trauma fractures were excluded when 
possible.

Association analysis with bone mineral density and fracture risk
We tested the association between single nucleotide polymorphisms in the alpha-2 adrenergic 
genes, BMD and fracture risk, as extensively described previously (12). In brief, each study 
performed genome-wide association analysis for femoral neck and lumbar spine BMD, using 
age-, weight- and principal component-adjusted standardized residuals analyzed under an 
additive (per allele) genetic model. Effect estimates (odds ratios) for association of allele dosage 
with fracture risk were obtained from logistic regression models adjusted for age, age2, weight, 
sex, height and four principal components. Analysis was performed in men and women 
separately to identify sex-specific associations. Significance for association with BMD and 
fracture was set at p < 3 × 10−3, using a Bonferroni correction.

Results

We were able to analyze 54% (n = 32) of the 59 SNPs initially selected for genotyping. The 
other SNPs did not pass minimum genotyping control criteria or were not available in the GWA 
data. Minor allele frequencies were in accordance with previously published reports (Supple-
mentary Table 1). Finally we tested 27 SNPs for association with femoral neck and lumbar 
spine BMD in 32,961 participants from 17 studies. 32 SNPs were tested for association with 
fracture in up to 19,414 cases and 83,459 controls from 24 studies.  

There was no significant association of any of the tested alpha-2 adrenergic receptor single 
nucleotide polymorphisms and BMD (Table 1). We also did not find an association between 
any of the ADRA2 genotypes and fracture risk (Table 2). Both were tested at Bonferroni- 
corrected significance. Separate analysis of men and women did not change the outcome.  
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Table 1 Association of SNPs in the alpha-2 adrenergic receptors genes with lumbar spine and femoral 
neck bone mineral density (BMD) in 32,961 participants from 17 studies.

               Lumbar spine BMD Femoral neck BMD

Gene Locus SNP A1*/A2 FREQ* β SE OR (95% CI) p-value β SE OR (95% CI) p-value

ADRA2A 10q25.2 rs869244 A/G 0.35 -0.017 0.009 0.98 (0.97-1.00) 0.149 -0.016 0.008 0.98 (0.97-1.00) 0.062

rs7096359 T/C 0.89  0.017 0.015 1.02 (0.99-1.05) 0.191  0.015 0.014 1.01 (0.99-1.04) 0.273

rs602618 A/C 0.72  0.007 0.010 1.01 (0.99-1.03) 0.517  0.012 0.009 1.01 (0.99-1.03) 0.190

rs553668 A/G 0.14  0.001 0.012 1.00 (0.98-1.02) 0.981 -0.006 0.011 0.99 (0.97-1.02) 0.602

rs521674 A/T 0.73  0.004 0.010 1.00 (0.98-1.02) 0.612  0.011 0.009 1.01 (0.99-1.03) 0.234

rs4311994 T/C 0.15 -0.019 0.012 0.98 (0.96-1.01) 0.184 -0.012 0.012 0.99 (0.97-1.01) 0.289

rs17186196 A/G 0.89  0.018 0.015 1.02 (0.99-1.05) 0.170  0.015 0.014 1.02 (0.99-1.04) 0.273

rs17128356 T/C 0.06 -0.002 0.020 1.00 (0.96-1.04) 0.819 -0.003 0.019 1.00 (0.96-1.04) 0.891

rs11195419 A/C 0.14 -0.014 0.014 0.99 (0.96-1.01) 0.413 -0.009 0.013 0.99 (0.97-1.02) 0.497

rs11195418 A/G 0.98  0.012 0.022 1.01 (0.97-1.06) 0.557  0.012 0.020 1.01 (0.97-1.05) 0.553

rs11195417 A/C 0.13 -0.015 0.014 0.98 (0.96-1.01) 0.366 -0.012 0.013 0.99 (0.96-1.01) 0.375

rs10885122 T/G 0.10 -0.038 0.014 0.96 (0.94-0.99) 0.027 -0.032 0.014 0.97 (0.94-0.99) 0.019

rs3750625 A/C 0.07  0.014 0.023 1.01 (0.97-1.06) 0.573  0.004 0.021 1.00 (0.96-1.05) 0.849

rs12246561 A/C 0.89  0.018 0.015 1.02 (0.99-1.05) 0.180  0.015 0.014 1.02 (0.99-1.04) 0.267

ADRA2B 2q11.1 rs893173 T/C 0.68 -0.004 0.009 1.00 (0.98-1.01) 0.413  0.001 0.008 1.00 (0.98-1.02) 0.886

rs749457 A/G 0.68 -0.006 0.009 0.99 (0.98-1.01) 0.390 -0.001 0.008 1.00 (0.98-1.02) 0.934

rs4426564 T/C 0.71 -0.005 0.009 1.00 (0.98-1.01) 0.394 -0.001 0.009 1.00 (0.98-1.02) 0.953

rs2692894 T/G 0.29  0.005 0.009 1.01 (0.99-1.02) 0.394 -0.001 0.009 1.00 (0.98-1.02) 0.889

rs2312955 T/G 0.29  0.005 0.009 1.00 (0.99-1.02) 0.406  0.001 0.009 1.00 (0.98-1.02) 0.953

rs2229169 T/G 0.28  0.005 0.009 1.00 (0.99-1.02) 0.382  0.001 0.009 1.00 (0.98-1.02) 0.892

rs13019188 A/G 0.38  0.005 0.009 1.00 (0.99-1.02) 0.406  0.000 0.008 1.00 (0.98-1.02) 0.962

rs1168965 C/G 0.29  0.005 0.009 1.01 (0.99-1.02) 0.394  0.001 0.009 1.00 (0.98-1.02) 0.934

ADRA2C 4p16.3 rs7692883 A/G 0.14  0.003 0.018 1.00 (0.97-1.04) 0.938  0.004 0.018 1.00 (0.97-1.04) 0.846

rs7678463 C/G 0.17 -0.000 0.016 1.00 (0.97-1.03) 0.944  0.002 0.014 1.00 (0.97-1.03) 0.905

rs13118771 T/C 0.91  0.011 0.015 1.01 (0.98-1.04) 0.370 -0.005 0.014 0.99 (0.97-1.02) 0.716

rs6846820 T/C 0.09 -0.009 0.016 0.99 (0.96-1.02) 0.363  0.001 0.015 1.00 (0.97-1.03) 0.968

rs9790683 T/C 0.91  0.010 0.015 1.01 (0.98-1.04) 0.379 -0.006 0.014 0.99 (0.97-1.02) 0.697

A, allele; β, effect estimate; FREQ, allele frequency of A1.  
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Table 2 Association of SNPs in the alpha-2 adrenergic receptors genes and risk for any type of 
low-trauma fracture.

Gene Locus SNP A1*/A2 FREQ* β SE OR (95% CI) p-value
Number of 
studies

Cases Controls

ADRA2A 10q25.2 rs869244 A/G 0.35 -0.015 0.013 0.99 (0.96-1.01) 0.260 24 19,413 83,441

rs7096359 T/C 0.89  0.021 0.021 1.02 (0.98-1.06) 0.334 24 19,414 83,455

rs638019 A/G 0.71 -0.211 0.218 0.81 (0.53-1.24) 0.335 1 79 627

rs602618 A/C 0.72  0.006 0.015 1.01 (0.98-1.04) 0.664 24 19,395 83,278

rs553668 A/G 0.16 -0.004 0.018 1.00 (0.96-1.03) 0.809 24 19,413 83,446

rs521674 A/T 0.71 -0.001 0.015 1.00 (0.97-1.03) 0.949 24 19,412 83,439

rs491589 T/C 0.16 -0.129 0.074 0.88 (0.76-1.02) 0.080 2 918 4,738

rs4311994 T/C 0.15 -0.013 0.018 0.99 (0.95-1.02) 0.483 23 19,335 82,822

rs1800763 T/G 0.08 -0.194 0.125 0.82 (0.64-1.05) 0.122 2 918 4,738

rs17186196 A/G 0.90  0.024 0.022 1.02 (0.98-1.07) 0.258 24 19,414 83,454

rs17128356 T/C 0.05 -0.011 0.033 0.99 (0.93-1.05) 0.735 22 18,284 79,735

rs11195419 A/C 0.12 -0.008 0.021 0.99 (0.95-1.03) 0.715 23 1,888 80,548

rs11195418 A/G 0.95  0.021 0.032 1.02 (0.96-1.09) 0.521 22 18,816 80,084

rs11195417 A/C 0.11 -0.014 0.021 0.99 (0.95-1.03) 0.501 23 18,894 80,702

rs10885122 T/G 0.12 -0.025 0.020 0.98 (0.94-1.01) 0.220 24 19,414 83,453

rs3750625 A/C 0.05  0.004 0.036 1.00 (0.94-1.08) 0.905 23 18,894 80,708

rs12246561 A/C 0.90  0.021 0.021 1.02 (0.98-1.06) 0.327 24 19,414 83,454

ADRA2B 2q11.1 rs893173 T/C 0.61 -0.006 0.013 0.99 (0.97-1.02) 0.667 24 19,414 83,452

rs749457 A/G 0.61 -0.007 0.013 0.99 (0.97-1.02) 0.597 23 19,335 82,823

rs4907299 A/C 0.32  0.033 0.059 1.03 (0.92-1.16) 0.580 1 839 4,111

rs4426564 T/C 0.65  0.002 0.013 1.00 (0.98-1.03) 0.854 24 19,414 8,345

rs3813662 A/C 0.98 -0.016 0.241 0.98 (0.61-1.58) 0.948 1 918 3,555

rs2692894 T/G 0.35 -0.002 0.013 1.00 (0.97-1.02) 0.901 24 19,414 83,452

rs2312955 T/G 0.35 -0.003 0.013 1.00 (0.97-1.02) 0.820 24 19,412 83,453

rs2229169 T/G 0.35 -0.003 0.013 1.00 (0.97-1.02) 0.821 24 19,414 83,452

rs13019188 A/G 0.39  0.003 0.013 1.00 (0.98-1.03) 0.840 24 19,414 83,449

rs1168965 C/G 0.35 -0.002 0.013 1.00 (0.97-1.02) 0.882 24 19,414 8,345

ADRA2C 4p16.3 rs7692883 A/G 0.10 -0.028 0.028 0.97 (0.92-1.03) 0.317 15 12,442 3,473

rs7678463 C/G 0.16  0.014 0.022 1.01 (0.97-1.06) 0.528 21 17,309 73,088

rs13118771 T/C 0.90 -0.020 0.022 0.98 (0.94-1.02) 0.378 22 17,523 77,368

rs6846820 T/C 0.10  0.014 0.026 1.01 (0.96-1.07) 0.584 17 13,864 63,115

rs9790683 T/C 0.89 -0.013 0.023 0.99 (0.94-1.03) 0.585 21 17,311 73,106

A, allele; β, effect estimate; FREQ, allele frequency of A1. 
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Discussion

In this study using data from the GEFOS consortium, we were unable to find an association 
of single nucleotide polymorphisms in the alpha-2 adrenergic receptor genes with BMD or 
fracture risk. 

Although the role of the sympathetic nervous system in rodent bone remodeling is well esta- 
blished (1,13-16), in humans its role remains speculative. Two recent studies indicate that the 
sympathetic nervous system is involved in the regulation of human bone metabolism. In patients 
with a pheochromocytoma, a tumor of the adrenal gland producing catecholamines, bone 
resorption is increased and normalizes following tumor removal (17). Another study demon-
strated that sympathetic activity, measured with microneurography, was inversely associated 
with trabecular microstructure and bone strength (18). Both studies however do not provide 
information on the mechanism involved in the signal transduction from the SNS to bone.

In rodents, the SNS increases bone resorption by signaling through the beta-2 adrenergic 
receptor on the osteoblast (1). It is uncertain whether a similar mechanism of action also exists 
in humans. 
Recently, several studies have demonstrated a role for the alpha-2 adrenergic receptor in SNS 
signaling to the skeleton (2,3,7). Mice with chronic sympathetic hyperactivity due to a whole 
body knockout of alpha-2A and alpha-2C adrenergic receptor genes present with a high bone 
mass phenotype with decreased bone resorption, opposing the general view that the SNS has 
a catabolic effect on the skeleton (2). We confirmed these results in humans. In healthy male 
and female volunteers, pharmacological alpha-2 adrenergic receptor stimulation resulted in 
enhanced bone resorption marker levels, despite the reduced sympathetic tone (3). 
While polymorphisms in the alpha-2 adrenergic receptor genes have previously been associated 
with numerous phenotypes, only one study investigated its association with bone metabolism 
(7). In a cohort of 661 Slovenians a significant association was observed between SNP rs553668 
and serum cathepsin K and plasma osteocalcin concentrations. The clinical relevance of this 
association is unclear, because SNP rs553668 was not associated with lumbar spine and femoral 
neck BMD. In the same study another SNP (rs1800544) was associated with lower lumbar 
spine BMD, but this SNP appeared to have no effect on receptor function. The association 
between alpha-2 adrenergic receptor SNPs and bone found in this study is a potentially 
interesting finding. However, because of the small number of subjects included in their study, 
these results need to be replicated in other studies. Due to failure to pass genotyping control 
criteria we were unable to investigate the association of BMD and fracture risk with this SNP 
in our cohort. The rs1800544 SNP is however in high linkage equilibrium with three SNPs we 
did investigate (rs521674, rs602618 and rs638019), none of which were associated with fracture 
risk or bone mineral density.
      
We did not observe any effect of single nucleotide polymorphisms in the alpha-2 adrenergic 
receptor genes on BMD and fracture risk. The question that arises is, whether individuals with 
a single nucleotide polymorphism in the alpha-2 adrenergic receptor have different SNS activity. 
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When the alpha-2 adrenergic receptor, which is located in the brainstem, is activated SNS 
activity is reduced. In accordance with this, several studies have shown alterations in SNS 
activity in subjects with a single nucleotide polymorphism in the alpha-2 adrenergic receptor 
(19-21). Only one SNP investigated in our study was also analyzed in one of these studies. 
Subjects with a rs553668 SNP have significantly lower heart rate variability high frequency 
power (19). During heart rate variability analysis two major distinct regions of periodicity are 
seen in the electrocardiogram R-R intervals: a high-frequency component (> 0.15 Hz) and a 
low-frequency (LF) component (< 0.15 Hz). The high frequency component is however solely 
mediated by parasympathetic nervous system activity (22,23), excluding a connection between 
the rs553668 SNP and the sympathetic nervous system.    

A limitation to this study is that we did not investigate alpha-2 adrenergic receptor polymor-
phism with demonstrated effects on receptor function. Three polymorphisms, one in each 
alpha-2 adrenergic receptor subtype (rs1800035, alpha-2B Del301-303 and alpha-2C Del322-
325), are known to influence receptor function in vitro and are found to have an effect on 
G-protein coupling, desensitization and G-protein receptor kinase-mediated phosphorylation 
(10). Unfortunately, we were unable to study any of these three polymorphisms for different 
reasons. The rs1800035 SNP is extremely rare in Caucasians, with reported minor allele fre-
quencies of 0.004 (10), and genotyping control criteria were therefore not achieved. This SNP 
is also not in linkage disequilibrium with any of the SNPs we did investigate. The other two 
polymorphism could not be investigated, because large deletion polymorphisms were not 
included in the genome analysis. 
We could, however, analyze all alpha-2 adrenergic gene SNPs that have previously been as-
sociated with various phenotypes, but these polymorphisms have not yet been studied for 
functional relevance. Next to this, our analysis was performed in one of the largest group of 
subjects possible. For the future, the challenge lies in determining whether receptor function 
of the investigated alpha-2 adrenergic SNPs is altered, so that with more certainty a major 
role for the alpha-2 adrenergic receptor in human bone metabolism can be excluded.     

We chose to set significance for association at p < 3 × 10−3, using a Bonferroni correction, to 
counteract the problem of multiple comparisons. This correction is generally considered to 
be very conservative. However, if we set the significance at a p-value of < 0.01, this does not 
change our results.  

In recent years, several lines of evidence have shown that the alpha-2 adrenergic receptor 
might be involved in the control of bone mass. In the present study, we aimed to further 
elucidate the role of the alpha-2 adrenergic receptor in human bone remodeling by investigating 
the effect of single nucleotide polymorphisms on bone mineral density and fracture risk in 
the GEFOS consortium, but could not demonstrate an association. 
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Supplementary Table 1 Variation in the alpha-2A, alpha-2B and alpha-2C adrenergic genes.

Gene Locus SNP Disease/trait
Number of 
studies

Reference

ADRA2A 10q25.2 rs869244 Platelet function 2 (24,25)

rs7096359 Metabolic phenotypes and diabetes mellitus 1 (26)

Stomach motility 1 (27)

rs638019 Metabolic phenotypes and diabetes mellitus 1 (26)

rs602618 Metabolic phenotypes and diabetes mellitus 1 (26)

Stomach motility 1 (27)

Respons time 1 (28)

Alcohol abuse 1 (29)

rs553668 Psychiatric disorders 13 (30-42)

Endurance athlete status 1 (43)

Autonomic nervous system function 2 (19,44)

Regional fat distribution 3 (31,45,46)

Metabolic phenotypes and diabetes mellitus 12 (26,46-56)

Cardiovascular 9 (57-65)

Stomach motility 1 (27)

Bone turnover 1 (7)

Platelet function 1 (66)

rs521674 Alcohol abuse 1 (29)

Metabolic phenotypes and diabetes mellitus 3 (26,54,56)

Auditory oddball response 1 (67)

rs491589 Stomach motility 1 (27)

Metabolic phenotypes and diabetes mellitus 1 (26)

rs4311994 Platelet function 2 (24,68)

rs1800763 - 1 (69)

rs17186196 Metabolic phenotypes and diabetes mellitus 1 (26)

rs17128356 Metabolic phenotypes and diabetes mellitus 1 (26)

rs11195419 Metabolic phenotypes and diabetes mellitus 2 (26,56)

Stomach motility 1 (27)

Suicide 2 (70,71)

Cardiovascular 1 (72)

rs11195418 Metabolic phenotypes and diabetes mellitus 1 (26)

Cognitive responses and pain perception 1 (73)

rs11195417 Cardiovascular 1 (72)

Metabolic phenotypes and diabetes mellitus 1 (26)

rs10885122 Metabolic phenotypes and diabetes mellitus 13 (26,51,74-84)

Cardiovascular 1 (85)

rs1800544 Psychiatric disorders 55 (30-32,34-42,58,86-126)

Regional fat distribution 1 (127)

Stomach motility 1 (27)

Respons time 1 (28)
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Metabolic phenotypes and diabetes mellitus 8 (54,55,128-133)

Gastro-intestinal 6 (134-139)

Cardiovascular 7 (59,65,140-144)

Decision making 1 (145)

Smoking 2 (146,147)

Autonomic nervous system function 1 (19)

Chronic fatigue syndrome 1 (148)

Movement in patients with pain 1 (149)

Bone turnover 1 (7)

Cognitive responses and pain perception 1 (73)

rs1800035 Psychiatric disorders 4 (111,124,150,151)

Autonomic nervous system function 1 (19)

Cognitive responses and pain perception 1 (73)

rs1800545 Psychiatric disorders 7 (30,34,40,41,98,102,106)

Cardiovascular 1 (144)

Stomach motility 1 (27)

Platelet function 1 (66)

Auditory oddball response 1 (67)

Cognitive responses and pain perception 1 (73)

rs1800038 Cardiovascular 2 (59,65)

Cognitive responses and pain perception 1 (73)

Platelet function 1 (66)

Psychiatric disorders 2 (102,151)

rs2484516 Cognitive responses and pain perception 1 (73)

Metabolic phenotypes and diabetes mellitus 1 (52)

rs1800034 Psychiatric patients 1 (151)

rs1800036 Psychiatric patients 1 (151)

rs35468157 Metabolic phenotypes and diabetes mellitus 1 (26)

rs35844011 Metabolic phenotypes and diabetes mellitus 1 (26)

rs36022820 Metabolic phenotypes and diabetes mellitus 1 (26)

rs33931318 Metabolic phenotypes and diabetes mellitus 1 (26)

rs13306146 Metabolic phenotypes and diabetes mellitus 1 (26)

rs36069680 Metabolic phenotypes and diabetes mellitus 1 (26)

rs35607325 Metabolic phenotypes and diabetes mellitus 1 (26)

rs35941526 Metabolic phenotypes and diabetes mellitus 1 (26)

rs11815669 Metabolic phenotypes and diabetes mellitus 1 (26)

rs12246561 Autism spectrum disorders 1 (104)

rs3750625 Cognitive responses and pain perception 1 (73)

Platelet function 1 (66)

Stomach motility 1 (27)

Psychiatric disorders 2 (104,111)

rs34665740 Stomach motility 1 (27)
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ADRA2B 2q11.1 rs893173 - 1 (69)

rs749457 Psychiatric disorders 1 (152)

rs4907299 Cardiovascular 3 (65,153,154)

rs4426564 Response inhibition 1 (155)

rs3813662 Cardiovascular 2 (65,154)

IgE Sensitization 1 (156)

rs2692894 - 1 (69)

rs2312955 Response inhibition 1 (155)

rs2229169 Response inhibition 1 (155)

Cardiovascular 2 (65,154)

rs13019188 - 1 (69)

rs1168965 Response inhibition 1 (155)

rs3111873 Cardiovascular 2 (153,154)

rs9333567 Cardiovascular 3 (65,153,154)

rs9333568 Cardiovascular 2 (65,154)

rs7561198 - 1 (69)

rs2252697 - 1 (69)

rs10180765 Cardiovascular 1 (154)

ADRA2C 4p16.3 rs7692883 - 1 (69)

rs7678463 Movement in patients with pain 1 (149)

rs7667600 - 1 (69)

rs9790376 - 1 (69)

rs13109333 - 1 (69)

rs13112010 - 1 (69)

rs9790683 Cognitive responses and pain perception 1 (73)

rs13118771 Cognitive responses and pain perception 1 (73)

Movement in patients with pain 1 (149)

rs6846820 Movement in patients with pain 1 (149)
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Abstract 

Bone marrow fat, an unique component of the bone marrow cavity increases with aging and 
menopause and is inversely related to bone mass. Sex steroids may be involved in the regu-
lation of bone marrow fat, because men have higher bone marrow fat than women and clinical 
observations have suggested that the variation in bone marrow fat fraction is greater in 
premenopausal compared to postmenopausal women and men. 
We hypothesized that the menstrual cycle and/or estrogen affects the bone marrow fat fraction. 
First, we measured vertebral bone marrow fat fraction with Dixon Quantitative Chemical Shift 
MRI (QCSI) twice a week during one month in ten regularly ovulating women. 
The vertebral bone marrow fat fraction increased 0.02 (95% CI, 0.00 to 0.03) during the follicular 
phase (p = 0.033), and showed a nonsignificant decrease of 0.02 (95% CI, -0.01 to 0.04) during 
the luteal phase (p = 0.091). 
To determine the effect of estrogen on bone marrow fat, we measured vertebral bone marrow 
fat fraction every week for six consecutive weeks in six postmenopausal women before, during 
and after two weeks of oral 17-β estradiol treatment (2 mg/day). Bone marrow fat fraction 
decreased by 0.05 (95% CI, 0.01 to 0.09) from 0.48 ( 95% CI, 0.42 to 0.53) to 0.43 (95% CI, 0.34 
to 0.51) during 17-β estradiol administration (p < 0.001) and increased again after cessation. 
During 17-β estradiol administration the bone formation marker procollagen type I N propeptide 
(P1NP) increased (p = 0.034) and the bone resorption marker C-terminal crosslinking telopep-
tides of collagen type I (CTx) decreased (p < 0.001). 
In conclusion, we described the variation in vertebral bone marrow fat fraction among ovulating 
premenopausal women. And among postmenopausal women, we demonstrated that 17-β 
estradiol rapidly reduces the marrow fat fraction, suggesting that 17-β estradiol regulates 
bone marrow fat independent of bone mass. 
 

Introduction

Bone marrow fat is functionally distinct from and not subject to the same regulation as sub-
cutaneous and visceral fat depots (1). This is best exemplified by caloric restriction, which 
increases bone marrow adipose tissue despite marked reductions in body fat in mice (2). 
Osteoblasts and adipocytes arise from the same mesenchymal precursor cell present in bone 
marrow stroma (3). Consequently, within the marrow cavity a balance exists between adipose 
tissue and bone. Previous observations indicate that men have higher bone marrow fat than 
women (4). During aging, there is a progressive fatty infiltration of bone marrow (5). Conditions 
associated with bone loss, like osteoporosis (6), are also characterized by an increase in bone 
marrow adiposity, and these changes are associated with increased fracture risk (7). This inverse 
relationship with bone mineral density is well-documented and potentially makes bone marrow 
fat a therapeutic target for osteoporosis (8, 9). 
Although the quantification of bone marrow fat previously required invasive bone biopsies, it 
can now reliably be quantified by non-invasive techniques including magnetic resonance 
imaging (MRI) and spectroscopy (10). To date, only long-term changes in bone marrow fat have 
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been investigated (11-13). A reciprocal relation between marrow adiposity and the amount of 
bone was observed in women aged 15 to 20 years at baseline and after 18 to 24 months (11). 
In addition, an increase in bone marrow fat was observed in ten out of 11 healthy volunteers 
that were re-evaluated after 15 years (12). A recent study showed that bone mass was lower 
six months after gastric bypass surgery, whereas bone marrow fat did not change in nondiabetic 
(n = 5) and decreased in diabetic subjects (n = 6) (13). In this present study we determined 
short-term changes, i.e., within two to four weeks, which allows the study of bone marrow fat 
independent of (detectable) changes in bone mass. In our clinic, we routinely measure vertebral 
bone marrow fat fractions in patients with type 1 Gaucher disease by Dixon quantitative 
chemical shift MRI (QCSI) to assess bone marrow involvement and response to therapy (14). 
We observed considerable variation in the vertebral bone marrow fat fraction in premeno-
pausal female Gaucher disease patients. This variation was not related to disease activity and 
was substantially less in men and postmenopausal women. We hypothesized that the menstrual 
cycle and/or estrogen affects the bone marrow fat fraction. First, we determined vertebral 
bone marrow fat fraction as a function of the phase of the menstrual cycle in healthy young 
women during one menstrual cycle. Next, we determined the effect of 17-β estradiol admini- 
stration on bone marrow fat in estrogen-deficient postmenopausal women. 

Materials and Methods

Subjects 
First we included healthy female subjects aged 18 to 50 years with self-reported regular 
menstrual cycles between 25 and 35 days in the preceding year. An ovulatory menstrual cycle 
was verified by serum progesterone concentrations above 12 nmol/L during the luteal phase. 
For the second study we included healthy postmenopausal women between 50 and 60 years 
of age, who had their last menstrual cycle more than 12 months prior to inclusion. Postmeno-
pausal status was confirmed by an elevated follicle stimulating-hormone (FSH) concentration 
(> 20 IU/L) and 17-β estradiol level below the detection limit (0.04 nmol/L). Exclusion criteria 
for participation were contraindications to magnetic resonance imaging (MRI), use of 
bone-modifying or adipose-tissue modifying drugs and use of hormonal contraception or 
contraindications to 17-β estradiol administration. Subjects were not allowed to have a bone, 
adipose tissue or bone marrow disease, or a T-score larger than -3.5. Subjects were recruited 
from the general population by advertisements in public spaces. 

Study design 
The study was performed at the department of Endocrinology and Metabolism of the Academic 
Medical Center of the University of Amsterdam in the Netherlands. At baseline we took a 
complete (family) history, measured weight and height and performed dual energy X-ray 
absorptiometry (DXA) scanning (Hologic Discovery, Bedford, MA, USA; APEX system software 
version 3.3) to measure bone mineral density (BMD). 
The premenopausal subjects were studied twice a week for four consecutive weeks (eight 
times in total) and the postmenopausal subjects once a week for six consecutive weeks (seven 
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times in total). During this study period vertebral (L3-L5) fat fraction and serum concentrations 
of FSH, luteinizing hormone (LH), progesterone, 17-β estradiol, complete blood count (CBC), 
reticulocyte percentage, calcium, phosphate, alkaline phosphatase, PTH and markers of bone 
turnover (procollagen type I N propeptide [P1NP] and C-terminal crosslinking telopeptides of 
collagen type I [CTx]) were determined. CTx and P1NP are recommended by the International 
Osteoporosis Foundation and the International Federation of Clinical Chemistry and Laboratory 
Medicine as international reference markers for bone resorption and formation. All postmeno-
pausal subjects received no intervention on day zero to day 14, received oral 17-β estradiol 
administration 2 mg daily (Zumenon; Abbott Products BV, Weesp, the Netherlands) on day 14 
to day 28 and again no treatment on day 28 to day 42. The main outcome of the study was 
the variation in vertebral bone marrow fat fraction during the menstrual cycle and change in 
vertebral bone marrow fat fraction in response to 17-β estradiol administration. 

Dixon QCSI vertebral bone marrow fat fraction measurement
Vertebral bone marrow fat fraction was measured on a 1.5-T, Magnetom Avanto (Siemens, 
Erlangen, Germany), using an in-house two-point Dixon spin-echo sequence. Dixon imaging 
uses the MR-frequency difference of fat and water to produce two types of images: in-phase 
images, which contain the sum of the water and fat signals, and opposed-phase images, 
containing the difference of these signals. Lines of the in-phase and opposed-phase image 
of the same slice are acquired in an interleaved fashion. Imaging parameters were as follows: 
repetition time (TR) = 2500 ms, echo time (TE) = 22.3 ms, slice thickness = 4 mm, matrix size 
= 256 x 256, number of excitations (NEX) = 1, and field of view (FOV) = 350 x 350 mm2, 
resulting in an acquisition time of 21 min 20 s. A single slice was measured, which was posi-
tioned on a midsagittal localizer image, as illustrated in Figure 1. First, the slice was positioned, 
such that it passes through the posterior part of L4 and parallel to the spinal cord (Figure 1A). 
Next, slight angulation adjustments were made to obtain similar cross sections through L3 
and L5. In subsequent measurements of the same volunteer, the slice was positioned in 
exactly the same position. To avoid motion and respiration artifacts we used a small FOV 
surface coil (the “small flex coil”) f lattened out and placed underneath the body along the 
spine. From the acquired Dixon images a fat signal fraction image and a water only image were 
calculated, using an algorithm described in Akkerman and Maas (Figure 1B-C) (15). In the water 
only image, the contours of L3, L4 and L5 were manually drawn (Figure 1D). The interior of 
these contours was subjected to four erosion operations, resulting in the regions of interest 
(Figure 1E), which were used to calculate the average fat signal fraction in the three vertebrae. 
Details of the procedure are illustrated in Figure 1A-E. Further details on the acquisition and 
postprocessing procedures have been described previously (16). A previous study by our 
department has shown good reproducibility of vertebral fat fraction measured by QCSI, with 
a coefficient of variation of 6.0% (16). Briefly, 16 healthy male and female volunteers under-
went QCSI bone marrow fat fraction measurements on three different occasions. The coef-
ficient of variation was computed as the ratio of the average standard deviation and the 
average mean.
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Biochemical assessment  
Serum concentrations of calcium, albumin, phosphate, alkaline phosphatase, creatinine and 
PTH were measured on a Hitachi Modular 8000 (C602 and C702) (Roche Diagnostics, Mannheim, 
Germany). 25(OH)D was measured using an automated immunoassay (Liaison; Diasorin, Still-
water, MN, USA). 17-β-estradiol was measured by radioimmunoassay (Siemens, Breda, the 
Netherlands). Hematologic parameters were measured on a Sysmex XE 500 (Sysmex Corpora-
tion, Kobo, Japan). Serum concentrations of CTx and P1NP were measured using an immunoassay 
(Modular Analytics E 170; Roche Diagnostics; and Orion Diagnostica, Espoo, Finland, respec-
tively). Interassay coefficients of variation were as follows: 25-hydroxyvitamin D 7.2%, LH 1.7%, 
FSH 1.2%, progesterone 1.6%, 17-β estradiol 5.4%, CTx 3% and P1NP 8%. Serum samples for 
CTx and P1NP measurements were stored at -20 °C until analysis and performed in duplicate 
at the end of the study period using one lot number reagents. All blood samples were collected 
between 7:00 a.m. and 9:00 a.m. after an overnight fast.

Statistical analysis
The statistical analysis was carried out with SPSS for Windows (version 22.0; IBM Corp., Armonk, 
NY, USA). The mean and 95% confidence interval (95% CI) or the median and range are reported 
depending on the distribution. Each menstrual cycle was normalized to 28 days and the day 
of the onset of menstruation was defined as day one. Since the measurements were obtained 
twice a week, the interval between the measurements was either three or four days. To examine 
summary values, the visits were assigned to 3.5-day bins. Cycles were divided into the follicular 
and luteal phase depending on serum progesterone and LH concentrations (progesterone > 
3 nmol/L or LH > 25 IU/L). To determine the effect of time on bone marrow fat fraction linear 
mixed model (LMM) analysis with correction for repeated measurements (compound symmetry) 
was used. To meet the assumption of linearity, the effects of the follicular and luteal phase 
were analyzed separately. LMM analyses were also performed to assess the association be-
tween fat fraction, CTx or P1NP and 17-β estradiol administration in the postmenopausal 
group. The (absolute) residuals were used to test the assumptions of 1] normality (QQ plot 
and Shapiro-Wilk test) and 2] equal variances (Levene’s test). When either or both assumptions 
were violated, the dependent variable was rank transformed (replacing the values by their 
ranks, or average ranks in case of ties) and effects were re-estimated. All statistical tests were 
two-sided and a p-value of 0.05 was considered significant.

Study approval
This study was approved by the Institutional Review Board of the Academic Medical Center, 
and was carried out in compliance with the Helsinki Declaration. The intervention part of the 
study was registered in the Netherlands Trial Register (NTR4521) before start of the study. All 
subjects agreed to participate in the study and provided written informed consent.   
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Results

Vertebral bone marrow fat fraction and the menstrual cycle
We included ten subjects with a regular menstrual cycle with a median cycle length of 28 days 
(range, 24 to 30 days) (Table 1). None of the subjects smoked or used more than seven units 
of alcohol per week. One subject used a low-dose selective serotonin reuptake inhibitor (SSRI) 
for obsessive compulsive disorder. All subjects had glucose, calcium, phosphate, alkaline phos-
phatase and PTH concentrations within the reference range. Median 25-hydroxyvitamin D 
concentration was 58 nmol/L (range, 34 to 112 nmol/L). Vertebral bone marrow fat fraction 
ranged from 0.18 to 0.42. There was a small but consistent pattern of variation in the vertebral 
bone marrow fat fraction during the menstrual cycle. Bone marrow fat fraction increased 0.02 
(95% CI, 0.00 to 0.03) during the follicular phase (p = 0.033), and showed a nonsignificant 
decrease of 0.02 (95% CI, -0.01 to 0.04) during the luteal phase (p = 0.091) (Figure 2). Baseline 
BMD of the femoral neck and vertebral fat fraction were inversely correlated (r = -0.84, p = 
0.002), however there was no significant correlation between BMD of the lumbar spine and 
vertebral fat fraction (r = -0.37, p = 0.293). Serum concentrations of bone formation marker P1NP 
were higher during the luteal phase compared to the follicular phase (p = 0.002) of the menstrual 
cycle (Figure 3A). Serum concentrations of the bone resorption marker CTX during the luteal 
and follicular phase did not differ (p = 0.171) (Figure 3B). Hemoglobin concentrations, leucocyte 
and reticulocyte counts did not show variation during the menstrual cycle (data not shown).

Vertebral bone marrow fat fraction and 17β-estradiol administration
We included six healthy postmenopausal women with a median time since the last menstrual 
cycle of 4.5 years (range, 3 to 10 years) (Table 2). Serum concentrations of 17-β estradiol in-
creased in all subjects during 17-β estradiol administration (p < 0.001). The increase in 17-β 
estradiol concentration was accompanied by a decrease in LH and FSH concentrations. 17-β 
estradiol concentration returned to baseline values within one week after discontinuation of 
treatment (Figure 4). None of the subjects smoked or used medication, or used more than 
seven units of alcohol per week. All subjects had glucose, calcium, phosphate, alkaline phos-
phatase and PTH concentrations within the reference range. Median 25-hydroxyvitamin D 
concentration was 57 nmol/L (range, 40 to 95 nmol/L). No adverse events occurred during 
the intervention period. The mean baseline vertebral bone marrow fat fraction ranged from 
0.39 to 0.55. The median variation in vertebral bone marrow fat fraction during the first two 
study weeks was 0.015 (range, 0.003 to 0.041) (p = 0.959). During two weeks of 17-β estradiol 
administration the mean decrease in vertebral bone marrow fat fraction was 0.05 (95% CI, 
0.01 to 0.09) (p < 0.001) and after discontinuation of 17-β estradiol administration the vertebral 
bone marrow fat fraction increased again (p = 0.002), although bone marrow fat fraction did 
not return to baseline completely (Figure 5). In the postmenopausal women baseline vertebral 
fat fraction was not correlated with BMD of the femoral neck (r = -0.31, p = 0.564) or the 
lumbar spine (r = -0.31, p = 0.564). During 17-β estradiol administration P1NP increased, and 
returned to baseline concentration following discontinuation (p = 0.034) (Figure 6A), whereas 
CTx decreased during 17-β estradiol administration and increased after 17-β estradiol was 
stopped (p < 0.001) (Figure 6B). 
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Table 1 Characteristics of women with a regular menstrual cycle 

Subject Age (years) BMI (kg/m²) Fat fractiona

BMD spine 
(Z-score)

BMD FN 
(Z-score)

1 29 25.3 0.30  0.7  1.7

2 24 23.4 0.31  0.6  0.8

3 25 19.5 0.39 -1.8 -0.9

4 25 22.0 0.18  0.4  0.4

5 30 22.9 0.32 -0.1 -0.1

6 28 24.4 0.34  1.1  0.0

7 29 22.4 0.42 -0.7 -0.4

8 33 19.4 0.31 -0.3  0.0

9 38 18.9 0.24  2.1  0.8

10 46 24.9 0.40  1.8  0.1

BMI = body mass index; BMD = bone mineral density; FN = femoral neck.
a Fat fraction value listed is from day one of the menstrual cycle. 

Figure 1 Fat signal fraction measurement details. (A) The QCSI slice, indicated by the white line, positioned on 
a midsagittal localizer image. (B) Fat signal fraction image, with (C) color coding: from black (no fat), to white 
(all fat). (D) Contours of L3, L4 and L5. (E) Regions of interest.
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Table 2 Characteristics of postmenopausal women

Subject Age (years)
Years since 
menopause BMI (kg/m²) Fat fractiona

BMD spine 
(T-score)

BMD FN 
(T-score)

1 54 3 24.3 0.50 -2.9 -2.0

2 59 5 18.1 0.45  0.0 -1.3

3 54 4 21.7 0.49  0.3  0.8

4 56 3 27.9 0.55 -0.7 -0.6

5 59 10 26.2 0.49 -0.8 -1.1

6 58 5 24.1 0.39 -0.8 -0.3

BMI = body mass index; BMD = bone mineral density; FN = femoral neck.
a Fat fraction value listed is the mean of the three baseline measurements.  

Figure 2 Change in vertebral bone marrow fat fraction from baseline (onset of menstruation = day one)  
during the menstrual cycle (mean ± SD) (follicular phase: p = 0.033, luteal phase: p = 0.091).
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Figure 3 Change in serum concentrations of (A) P1NP (μg/L) and (B) CTx (ng/L) from baseline (onset of 
menstruation = day one) during the menstrual cycle (mean ± SD). P1NP concentrations were higher during the 
luteal phase compared to the follicular phase (p = 0.002) of the menstrual cycle.
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Figure 5 Change in vertebral bone marrow fat fraction before, during and after 17-β estradiol  
administration (mean ± SD) (p < 0.001). 









   

 

 


 





 


























 




   

 

 


 

 






 





 

 
 

 


Figure 4 Serum concentrations of 17-β estradiol (nmol/L), FSH (IU/L) and LH (IU/L) before, during and after 
17-β estradiol administration (mean ± SD).
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Figure 6 Change in serum concentrations of (A) P1NP (μg/L) and (B) CTx (ng/L) before, during  
and after 17-β estradiol administration (mean ± SD). P1NP concentrations increased (p = 0.034) and  
CTx concentrations decreased (p < 0.001) during 17-β estradiol administration.
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Discussion

In this study we observed a consistent increase in vertebral bone marrow fat fraction during 
the follicular phase of the menstrual cycle, but the size of this effect was small. We showed 
for the first time that 17-β estradiol rapidly decreases the bone marrow fat fraction in post-
menopausal women.

To date, only one study investigated the effect of estrogen on bone marrow adiposity in humans 
(17). In bone biopsies of 56 postmenopausal women, decreased adipocyte number and size 
was seen following one year of transdermal estradiol (n = 29) compared to placebo (n = 27). 
This study, however, did not investigate short-term changes in adipocyte parameters. In cross- 
sectional studies, postmenopausal estrogen deficiency was found to be associated with an 
increase in bone marrow fat of approximately 6% per decade (5). Similar effects were seen in 
ovariectomized rodents (18), and these effects could be reversed by estrogen replacement (18).
The rapid changes in bone marrow fat indicate a change in adipocyte number, size or both. 
The marrow cavity houses a complex environment of several cell populations, including he-
matopoietic cells, bone cells, adipocytes and their progenitors. Osteoblasts and marrow 
adipocytes share a common precursor cell, the mesenchymal stem cell (MSC) (3). Consequently, 
the number of mature osteoblasts and marrow adipocytes is influenced by differentiation of 
the common progenitor cell towards one phenotype and away from the other (19). Because 
the estrogen depletion of menopause coincides with a decrease in bone tissue and an increase 
in bone marrow fat, there has been a growing interest in the precise role of estrogen in deter-
mining MSC fate. In in vitro studies, estrogen stimulated differentiation of human and murine 
MSCs to osteoblasts and not to adipocytes (20, 21). These observations suggest an active role 
of estrogen in the differentiation of the MSC. A recent study also showed that estrogen 
suppresses the murine “osteo-adipogenic transdifferentiation”, the ability of a fully diffe- 
rentiated osteoblast to first dedifferentiate and then transdifferentiate into an adipocyte (22). 
This indicates that short-term variation in bone marrow fat is possible, similar to our findings. 
Although we observed a rapid decrease in bone marrow fat fraction during two weeks of 17-β 
estradiol administration, the bone marrow fat fraction did not return to baseline completely 
within two weeks after discontinuation. The half-life of 17-β estradiol is approximately 24 
hours. As expected, within one week after discontinuation plasma 17-β estradiol concentrations 
had returned to baseline. This suggests that part of the effect of 17-β estradiol on bone 
marrow fat persists after 17-β estradiol concentrations have returned to baseline. Estrogen 
signals mainly through estrogen receptors which have been identified in cells of the osteoblast 
lineage (23), as well as MSCs (24). Although purely speculative, the persisting effect of 17-β 
estradiol after discontinuation could indicate irreversible differentiation towards osteoblasts, 
which have a typical lifespan of approximately three months. 

The effects of estrogen replacement on bone metabolism have long been recognized and are 
well-studied. Numerous studies indicate that long-term estrogen replacement lowers bone 
formation and bone resorption rates (25). Surprisingly, we observed an increase instead of 
decrease in P1NP during two weeks of 17-β estradiol, indicating increased bone formation. 
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Hannon and colleagues (25) also observed increased P1NP concentrations after one week of 
hormone replacement therapy. Together these observations suggest that the effect of estradiol 
on bone formation is biphasic, with an initial increase followed by decrease. The question 
remains whether long-term effects of estrogen on bone marrow fat reflect a direct effect of 
estrogen or a reciprocal effect that is secondary to changes in bone mass. Although not 
demonstrated directly, the rapid simultaneous decrease in bone marrow fat fraction and increase 
in P1NP supports the above mentioned in vitro data on the reciprocal relationship between 
osteoblasts and adipocytes with lineage differentiation of the common progenitor cell towards 
one cell type at the expense of the other. 

The biological relevance of the short-term variation in bone marrow fat fraction needs to be 
considered. For a long time, marrow adipocytes were regarded as passive fillers of space not 
occupied by other tissue (26). More recently it has been recognized that the number of mature 
osteoblasts is not only determined by progenitor cell fate, but also by an active role of marrow 
adipocytes in bone physiology. Marrow adipocytes secrete adipokines and fatty acids in the 
local microenvironment suspected to have a negative effect on osteoblast proliferation and 
function (27, 28), also known as lipotoxicity. Lipotoxicity can be one of the reasons that marrow 
fat accumulation is negatively associated with measures of bone integrity and fracture risk 
(29, 30). Therefore, marrow adipose tissue should be regarded as an important indicator of 
bone integrity, and could possibly serve as an additional predictor for fracture risk in the 
future. Although we observed significant changes in the bone marrow fat fraction during the 
menstrual cycle and in particular after 17-β estradiol administration, the clinical relevance of 
these changes remains to be determined.  

Besides estrogen deficiency, starvation has a pronounced influence on both bone marrow 
adiposity and bone mass. In mice, 30% caloric restriction leads to high bone marrow adiposity 
(2). And despite marked reductions in body fat, bone marrow fat increases extremely in patients 
with anorexia nervosa compared to age-matched normal-weight controls (31). Because 
hypoestrogenism is a characteristic of anorexia nervosa, it could be possible that this con-
tributes to the increase in bone marrow adiposity seen in these patients. In line with this 
concept, increased lumbar bone marrow fat is seen in anorexia nervosa subjects with amen-
orrhea compared with anorexia nervosa subjects with a regular menses (31).     

We observed a significant, but small increase in bone marrow fat fraction during the follicular 
phase of the menstrual cycle, but the decrease during the luteal phase did not reach statistical 
significance, suggesting that the effect of the menstrual cycle on bone marrow fat fraction is 
limited. Considering that the coefficient of variation for the bone marrow fat fraction measure- 
ment is 6%, detection of significant changes of 1% to 2% would have required a larger sample 
size. The size of the effect of 17-β estradiol on the bone marrow fat fraction in postmeno-
pausal women was well above the coefficient of variation. Although we included only six 
postmenopausal women, the paired design resulted in sufficient power to detect an effect. 
It is unlikely that a larger sample size would have changed the results.     
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To determine the vertebral bone marrow fat fraction we performed Dixon QCSI, which uses 
the difference in resonant frequencies between fat and water in bone marrow to compute a 
fat fraction. The technique cannot determine an absolute signal for water and/or fat. However, 
a decrease in the fat signal fraction by definition represents a decrease in fat and an increase 
in water; i.e., a change in bone marrow fat content as expressed by its fat signal fraction re-
flects the replacement of water inside the bone marrow cavity by fatty tissue or vice versa. 
In addition, we measured the fat signal fraction in subcutaneous fat (lower back region) as an 
internal reference standard. The subcutaneous fat fraction did not change during the study 
period (data not shown). Several studies have confirmed the validity of noninvasive investigation 
of bone marrow fat fraction (10, 32). MRI measurement of bone marrow fat does not provide 
information on the properties of the bone marrow adipocytes. Therefore, it remains to be 
determined whether the changes in bone marrow fat fraction are related to changes in adipo-
cyte number, adipocyte volume or both.

In conclusion, we described the variation in vertebral bone marrow fat fraction among ovulating 
premenopausal women, and among postmenopausal women, we demonstrated that 17-β 
estradiol rapidly reduces the marrow fat fraction.
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Abstract 

Background Diets with a high fat content reduce bone mass both in humans and rodents, 
but it remains unclear whether this negative effect is caused by differences in energy intake 
or variation in dietary carbohydrate and fat content. 

Objective Our objective was to determine the effect of eucaloric diets with a range of fat and 
carbohydrate content on bone turnover.

Design We studied the short-term effects, i.e. 11 days, of three eucaloric diets with identical 
protein content (15% of total energy) and low-carbohydrate/high-fat (2% and 83% of total 
energy, respectively), intermediate-carbohydrate/intermediate-fat (44% and 41% of total en-
ergy, respectively), and high-carbohydrate/low-fat (85% and 0% of total energy, respectively) 
ratios on bone turnover in six healthy men. Bone turnover was assessed by measuring C-ter-
minal crosslinking telopeptides of collagen type I (CTx) as a marker for bone resorption and 
procollagen type 1 N propeptide (P1NP) as a marker for bone formation.

Results CTx concentrations were higher when the dietary fat content was lower: 424±113 ng/L, 
371±129 ng/L and 291±104 ng/L for the low, intermediate and high fat diets, respectively (p = 
0.023). In contrast, there was no significant effect of variations in dietary carbohydrate/fat 
ratios on P1NP concentrations (p = 0.409).

Conclusion In conclusion, an eucaloric high-fat, low-carbohydrate diet decreases bone resorp-
tion and an eucaloric low-fat, high-carbohydrate diet has the opposite effect. Eucaloric vari-
ation in dietary carbohydrate and fat does not seem to affect bone formation.
 

Introduction

Dietary interventions are used for various purposes. In animal studies, high-fat diets are used 
to induce and study obesity and/or insulin resistance. In humans, diets that are low in carbo-
hydrates, and usually high in fat, have been used to promote weight loss. Very low-carbohydrate, 
high-fat (LCHF) diets can be ketogenic, and are therefore also used as part of treatment for 
reducing seizures in children with epilepsy (1). 
In general diets with a high fat content have a negative effect on bone mass. In rats, a LCHF 
diet reduced longitudinal growth and bone mineral density as a result of impaired bone for-
mation (2). Other studies have also demonstrated adverse effects on bone quantity and 
quality of high-fat diets (3-19). Children treated with a ketogenic diet show reduced growth, 
poor mineral status and lower bone mineral density (20, 21).
Despite the substantial number of previous studies on this subject, the effect of dietary carbo- 
hydrate and fat content per se on bone metabolism has not been well established, because 
in most previous studies the caloric intake was also different. Caloric restriction in itself has 
an negative effect on bone, e.g. in subjects after bariatric surgery (22) and in patients with 
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anorexia nervosa (23). Interpretation of the effect of ketogenic diets on bone in patients with 
epilepsy is difficult, because antiepileptic drugs can also adversely affect bone health (24). It 
therefore remains unclear whether the previously described negative effects of high-fat diets 
on bone metabolism are caused by variation in dietary carbohydrate and fat content or by 
differences in energy ingestion and use of concurrent medication.
To avoid the influence of over- and underfeeding, we determined the effect of three eucaloric 
diets containing an identical amount of proteins (15% of total energy) of similar composition 
and a wide range of fat (0 to 83% of total energy) and carbohydrate (2 to 85% of total energy) 
content on bone turnover markers in six healthy men. 

Subjects and Methods

Subjects
Six healthy men (body mass index 21-26 kg/m2), age 29-55 years, were recruited for this study. 
The subjects were in good health, had no family history of diabetes, did not smoke or use any 
medication. All subjects were recruited among hospital employees and participated because 
of their special interest in this field of research. All participating subjects gave written informed 
consent. The study was approved by the Institutional Review Board of the Academic Medical 
Center, University of Amsterdam and was carried out in compliance with the Helsinki Declara-
tion. This research is part of a larger study of which the design and results have been pub-
lished previously (25, 26). 

Diets
The subjects were studied on three different diets, of which the sequence was randomly 
allocated. The diets consisted of liquid formulas and were custom-made (Nutricia, Zoetermeer, 
the Netherlands). The diets were eucaloric and contained identical amounts of protein (15% 
of total energy) and an identical protein composition. In addition to the proteins, the low-fat, 
high-carbohydrate (LFHC) diet contained only carbohydrates (85% of total energy); the inter-
mediate-fat, intermediate-carbohydrate (IFIC) (control) diet contained both carbohydrate (44% 
of total energy) and fat (41% of total energy); and the high-fat, low-carbohydrate (HFLC) diet 
contained mainly fat (83% of energy) and some carbohydrate (2% of energy). The saturated: 
mono-unsaturated:poly-unsaturated fat ratios were 2:2:1 for all diets containing fat. The ratio 
mono- and disaccharides: polysaccharides was 1:1. Each diet provided 300 mg cholesterol 
and 15 g fiber per day. Detailed composition of the diets is shown in Table 1. 
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Table 1 Detailed composition of the study diets based on a daily intake of 2700 kcal

Study diets

LFHC IFIC (control) HFLC

Protein (g) 100 100 100

Fat (g) 1 122 249

Carbohydrates (g) 572 300 14

Cholesterol (mg) 300 300 300

Fibers (g) 15 15 15

Mono- & disaccharides: oligosaccharides 1:1 1:1 -

SFAs:MUFAs:PUFAs - 2:2:1 2:2:1

Vitamin D (μg) 4 4 4

Calcium (mg) 2440 2445 2442

Phosphate (mg) 1676 1681 1678

HFLC, high-fat, low-carbohydrate; IFIC, intermediate-fat, intermediate-carbohydrate; 
LFHC, low-fat, high-carbohydrate. 
MUFAs, monounsaturated fatty acids; PUFAs, polyunsaturated fatty acids;  
SFAs, saturated fatty acids. 

Energy requirements for each subject were assessed by a dietician by means of a three day 
dietary journal. The diets supplied 138±6 kJ/kg body weight. Liquid meals with predetermined 
amounts of energy were taken at six fixed time points between 8:00 and 21:30 h for 11 days. 
In addition to the diets, the subjects were allowed to drink water ad libitum. The three diets 
were separated by an interval of eight to ten weeks, during which the subjects consumed their 
habitual diets. The investigators and subjects were not blinded to diet sequence allocation. 
Laboratory personnel analyzing the samples were blinded. During the study period, subjects 
refrained from alcohol and exercise was limited to normal daily activities. To assess compliance 
with the diet the respiratory quotient, which reflects the ratio of carbohydrate/fat intake (27), 
was determined after ten and 11 days of the diet by indirect calorimetry (Sensormedics model 
2900, Anaheim, CA, USA) using the ventilated hood technique. Subjects were followed up daily 
to receive their diet for the next day and to asses unintended effects. No adverse events 
occurred during the intervention period and all diets were well tolerated by the subjects.

Measurements and analytical procedures
Each diet was consumed for a period of 11 days. At baseline, day seven and day 11 of each 
experimental diet, fasted blood samples were taken between 7:00 and 8:00 h to determine 
serum or plasma concentrations of C-terminal crosslinking telopeptides of collagen type I (CTx), 
a marker of bone resorption, procollagen type 1 N propeptide (P1NP), a marker of bone for-
mation, glucose, insulin, C-peptide, leptin, insulin-like growth factor 1 (IGF-1) and free fatty 
acids (FFA). All blood samples were immediately centrifuged (Hettich Rotanta/RP; Détex BV, 
de Bilt, the Netherlands) at 3000 rpm for 10 min at 4 °C and stored at -80 °C until analysis. 
CTx and P1NP concentrations were measured in EDTA plasma using an immunoassay (both 
Cobas E601; Roche Diagnostics Corporation, Indianapolis, IN). All CTx and P1NP measurements 
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were performed in duplicate in the same run. Intra-assay coefficients of variation for the 
whole concentration range were < 3% and < 2% for CTx and P1NP, respectively. 

Statistical analysis
The statistical analysis was carried out with SPSS for Windows (version 21.0; SPSS Inc., Chicago, 
IL, USA). All variables were tested for a normal distribution using graphs and the Shapiro-Wilk 
test (W > 0.90). Data are presented as mean and standard deviation (mean±SD). Variables that 
were not normally distributed are presented as median (interquartile range) and were rank 
transformed prior to analysis. To determine the effect of diet intervention on bone turnover, 
we performed linear mixed model analysis with treatment, time (linear) and their interaction, 
where appropriate, as fixed effects and autoregression 1 (AR1) as covariance structure. The 
assumptions of the model (e.g. normally distributed residuals and homogeneous variances) 
were checked using the (absolute) residuals. For post hoc analysis of bone turnover marker 
concentrations at the different time points we used linear mixed model analysis with treat-
ment as fixed effect and compound symmetry as covariance structure. The latter model was 
also used to compare the metabolic parameters at day 11. All statistical tests were two-sided 
and a p-value of 0.05 was considered significant.

Results

Dietary compliance was assessed by measuring the respiratory quotient after ten and 11 days 
of the experimental diets. The respiratory quotient decreased from 0.85±0.07 to 0.81±0.03 
to 0.73±0.04 (p = 0.004) as the ratio of dietary fat to dietary carbohydrate increased. Body 
weights were not significantly different after the HCLF, ICIF, and LCHF diet (79±11, 79±11, and 
78±10 kg, respectively).

Metabolic parameters
The effect of the three diets on hormone and substrate concentrations are shown in Table 2. 
Glucose, C-peptide and IGF-1 concentrations were lower on the low-carbohydrate, high-fat 
diet compared to control diet (p = 0.004 for glucose, p < 0.001 for C-peptide and p = 0.011 for 
IGF-1). Plasma concentrations of free fatty acids were higher after the low-carbohydrate, high-
fat diet compared to the control diet (p = 0.007). Glucose, C-peptide, IGF-1 and FFA concen-
trations were not different between the control and high-carbohydrate, low-fat diets. The 
dietary carbohydrate and fat content did not affect insulin and leptin concentrations.
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Table 2 Plasma hormone and substrate concentrations after 11 days on the diets

Study diets

LFHC IFIC (control) HFLC

Glucose (mmol/L) 5.1±0.4 5.3±0.3 4.9±0.5b

Insulin (pmol/L) 50±14 49±16 38±15

C-peptide (pmol/L) 537±156 555±155 300±188c

FFA (nmol/L) 0.36±0.16 0.43±0.11 0.75±0.21b

IGF-1 (nmol/L) 26±5 25±5 20±5a

Leptin (ng/mL) 3.8 (4.1) 3.0 (3.3) 3.0 (3.2)

HFLC, high-fat, low-carbohydrate; IFIC, intermediate-fat, intermediate-carbohydrate; 
LFHC, low-fat, high-carbohydrate.  
FFA, free fatty acids; IGF-1, insulin-like growth factor 1.   
Data are presented as mean±standard deviation or median (interquartile range).   
a p < 0.05; b p < 0.01; c p < 0.001 versus control. 

Bone turnover markers
Baseline concentrations of CTx (bone resorption) and P1NP (bone formation) were not different 
between the diets (LFHC 476±119 ng/L, IFIC 456±145 ng/L and LFHC 476±94 ng/L, p = 0.886 
and LFHC 54±15 μg/L, IFIC 52±12 μg/L and HFLC 55±11 μg/L, p = 0.743, respectively). A decrease 
in CTx concentrations was observed in all three diets with a significant faster decrease for the 
HFLC diet compared to the control and the LFHC diet (p = 0.020 and p = 0.009, respectively. 
LFHC vs control: p = 0.337) (Figure 1A). At day 11, CTx concentrations were significantly lower 
on the HFLC (291±104 ng/L) (p = 0.002) and significantly higher on the LFHC diet (424±113 
ng/L) (p = 0.02) compared to the control diet (371±129 ng/L) (Figure 1A). There was no significant 
effect of dietary carbohydrate or fat content on P1NP concentrations (p = 0.409) (Figure 1B). 
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Figure 1 The effect of a low-fat, high-carbohydrate (LFHC, closed dots), intermediate-fat, intermediate- 
carbohydrate (IFIC/control, open dots) and high-fat, low-carbohydrate (HFLC, closed squares) diet on  
C-terminal crosslinking telopeptides of collagen type I (CTx), a marker for bone resorption (A) and  
procollagen type 1 N propeptide (P1NP), a marker for bone formation (B) at day 0 (baseline), 7 and 11.  
Data are presented as change from baseline values (mean±standard error of the mean). * p < 0.05  
and ** p < 0.01 versus control.
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Discussion

In this study we demonstrated that an eucaloric high-fat, low-carbohydrate diet decreases 
bone resorption, while an eucaloric low-fat, high-carbohydrate diet has the opposite effect. 
Bone formation was not affected by dietary fat/carbohydrate ratios. 

Several studies have investigated the effects of high-fat/low-carbohydrate hypocaloric diets 
on bone. A study in 30 obese subjects (15 low-carbohydrate diet subjects and 15 controls) 
did not find a difference in bone turnover marker concentrations at three months between 
the subjects on a low-carbohydrate diet and the controls (28). In another study in 307 over-
weight subjects on a low-carbohydrate diet, a decrease in both hip and spine bone mineral 
density was observed after 24 months (29). A comparable effect was demonstrated in a study 
in six obese adolescents treated with a combined low-fat, low-carbohydrate ketogenic diet 
for five months (30). In the abovementioned studies, the subjects investigated were obese 
and the hypocaloric diet caused them to lose a significant amount of their body weight during 
the study period. Therefore, these studies do not allow do draw any conclusions on the effect 
of carbohydrate and fat on bone. 
To date only one study, by Brown and colleagues (31), investigated the effect of diet macro-
nutrient composition on bone. Thirty two lean trained cyclists were randomly assigned to 
receive either a eucaloric high-carbohydrate (HC, 15% of total energy from fat and 69% from 
carbohydrate) or a eucaloric moderate high-fat (HF, 50% of total energy from fat and 37% 
from carbohydrate) diet for a period of 12 weeks. Total body bone mineral density increased 
significantly within HF, but nonsignificantly in HC. The observed increase in bone mineral 
density in the high-fat diet group, is compatible with the decrease in CTx concentrations in 
our study, indicating reduced bone resorption. 

When studying the effects of carbohydrate and fat intake, carbohydrates and fats can simply 
be added to or removed from the standard diet, as has been frequently done before. In the 
present study we used three diets with identical energy content and identical amounts of 
proteins. Therefore, the observed effects on bone turnover markers in our study can only be 
attributed to changes in carbohydrate/fat ratios and not to caloric deprivation or excess. The 
adverse effects of high-fat diets on bone metabolism in previously conducted rodent and 
human studies are likely the consequence of the changes in caloric intake causing obesity and 
insulin resistance or weight loss (22, 23).

An explanation for our results remains speculative. Eucaloric high-fat, low-carbohydrate feed-
ing decreases insulin concentrations. The insulin receptor is also expressed by osteoblasts. 
Upon binding of insulin to its receptor in osteoblasts, expression of osteoprotegerin is reduced 
(32). Osteoprotegerin normally hinders osteoclast differentiation; therefore, decreased insulin 
concentrations will result in reduced bone resorption by the osteoclast, in line with the 
decreased CTx concentrations we observed. Carbohydrate deprivation also significantly 
decreased IGF-1 concentrations. Osteoclasts express IGF-1 receptors (33). In vitro, IGF-1 induces 
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receptor activator of NFκB ligand (RANKL) synthesis and subsequently osteoclastogenesis (33). 
This matches the decreased IGF-1 concentrations and concurrent decreased CTx concentra-
tions we observed in our subjects on a high-fat, low-carbohydrate diet. Products of lipid 
oxidation have been found to contribute to the preferential differentiation of bone marrow 
progenitor cells away from the osteogenic lineage and the promotion of osteoclastic differ-
entiation (9, 10, 34-38). This is contrary to the decreased CTx concentrations on the high-fat, 
low-carbohydrate diet we observed, which would indicate reduced osteoclast activity. There-
fore, it is likely that other factors are involved.

We did not observe a significant effect of dietary carbohydrate/fat ratios on P1NP concentra-
tions. This absence of difference should be interpreted with care and a larger sample size and 
longer study period are required to prove that dietary fat and/or carbohydrate content indeed 
has no effect on bone formation. 
The remodeling cycle of bone takes approximately three months (39), whereas our intervention 
only lasted 11 days. The results from this study therefore do not inform us on the long-term 
effects of dietary composition on bone metabolism. Since we only investigated bone turnover 
markers, we do not know whether there is also an effect on bone quality and bone mass.   

The clinical relevance of the results of this study need to be considered. Our data indicate 
that short-term changes in dietary fat and carbohydrate content affect bone resorption, lead-
ing to either protection from bone loss or adverse effects on bone. In addition to well-known 
dietary factors involved in bone metabolism, like calcium and vitamin D, carbohydrate and fat 
could possibly serve as additional modifiable dietary factors to maintain bone health. 

In conclusion, an eucaloric high-fat, low-carbohydrate diet decreased bone resorption, while 
a low-fat, high-carbohydrate intake had the opposite effect. There was no significant effect 
of dietary carbohydrate/fat ratio on bone formation.
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Abstract 

Objective Osteocalcin is a well-known marker of bone formation. Recently, mice lacking 
osteocalcin or its receptor were reported to be subfertile with low testosterone and high 
luteinizing hormone concentrations. In parallel, in humans, a loss-of-function mutation of the 
osteocalcin receptor was associated with hypergonadotropic hypogonadism. This suggests 
that osteocalcin is necessary for normal pituitary-gonadal axis function. Our objective was to 
determine the association between physiological variations in osteocalcin and the pituitary- 
gonadal axis in older men.

Design and patients Data were used from the Longitudinal Aging Study Amsterdam (LASA), 
an ongoing cohort study in a representative sample of the older Dutch population (65-88 
years).

Measurements Serum levels of total (T), free (FT) and bioavailable (bioT) testosterone, lutein-
izing hormone (LH) and osteocalcin were determined. Data were analyzed using linear 
regression analyses and adjusted for age, BMI, 25-hydroxyvitamin D, parathyroid hormone and 
vitamin K antagonist use.

Results A total of 614 men participated in the study. The median age was 75.4 (69.8-81.2) 
years, and the median osteocalcin level was 1.8 (1.3-2.4) nmol/l. Serum osteocalcin was in-
versely associated with FT (adjusted B = -0.22 ± 0.09 ng/dl, p = 0.012) and bioT (adjusted B = 
-0.26 ± 0.08 nmol/l, p < 0.01), but not with total T. Furthermore, osteocalcin was positively 
associated with LH (adjusted B = 0.09 ± 0.03 U/l, p < 0.01).

Conclusions Serum osteocalcin was negatively associated with free and bioavailable testos-
terone and positively with luteinizing hormone levels.
 

Introduction

Bone physiology is regulated by many factors, including hormones. Among these hormones, 
sex steroids are among the most powerful regulators of bone (re)modeling (1). Oestrogen and 
testosterone positively influence bone growth and maturation and are essential for maintain-
ing bone mass integrity throughout adult life (1, 2). This is best exemplified by the fact that a 
decrease or absence of sex steroids, either with aging or in gonadal failure, triggers bone loss 
in both genders (3, 4). 
Recent studies indicate that vice visa, bone is a regulator of gonadal function through bone-de-
rived osteocalcin (OC). Osteocalcin is a bone-specific protein synthesized by osteoblasts (5). 
Osteocalcin accumulates in the bone matrix and binds to mineral, where it is assumed to 
regulate bone remodeling and mineralization. However, the precise function of osteocalcin as 
a bone matrix component remains subject to speculation (6). Low concentrations of osteo-
calcin are detectable in the circulation and are serving as a marker of bone formation. 
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Circulating osteocalcin exists in two forms, that is carboxylated on three glutamate residues 
or undercarboxylated (5). Recent findings have identified the testis as a target of osteocalcin. 
Male mice lacking osteocalcin or its receptor have reduced testosterone levels, smaller repro-
ductive organs and poor reproductive activity (7). Osteocalcin administration to male osteo-
calcin-deficient mice dose-dependently increased circulating testosterone levels, while ex vivo 
osteocalcin increased testosterone production by Leydig cells (7). A remarkable feature of the 
osteocalcin-null mice is that the fertility phenotype developed in the face of an increase in 
circulating levels of luteinizing hormone, the main regulator of sex steroid synthesis by Leydig 
cells (8). The phenotype of osteocalcin knockout mice in humans is called hypergonadotropic 
hypogonadism (9-11). A systematic genomic analysis of a cohort of 59 with unexplained pri-
mary hypergonadotropic hypogonadism identified a loss-of-function mutation in the osteo-
calcin receptor in two subjects, establishing genetic evidence that osteocalcin also fulfils a 
hormonal function in humans (8). These results indicate that both luteinizing hormone (LH) 
and osteocalcin are necessary for adequate circulating testosterone levels. This raises the 
question if biological variations in osteocalcin concentrations are associated with testosterone 
and LH levels in the general population. To date, one large population-based study showed 
osteocalcin to be positively associated with total testosterone levels (12). Others did not find 
an association between osteocalcin and testosterone (13, 14) or an association only in select-
ed populations, including young subjects and subjects with metabolic disorders (15-17). 
To elucidate the role of physiological variations in osteocalcin on the pituitary-gonadal axis, we 
determined the relationship of serum osteocalcin with testosterone, free testosterone and bio-
available testosterone, and with LH concentrations in an unselected cohort of older Dutch men. 

Subjects and Methods

Data collection 
Data for this study were collected in the context of the Longitudinal Aging Study Amsterdam 
(LASA). LASA is an ongoing multidisciplinary longitudinal cohort study initiated by the Dutch 
Ministry of Health to determine predictors and consequences of changes in physical, cognitive, 
emotional, and social functioning in the ageing population in the Netherlands. Detailed infor-
mation on data collection and sampling have been described in more detail elsewhere (18). 
Briefly, a representative sample of the older Dutch population was drawn from the population 
registers of 11 municipalities in three regions in the Netherlands. The sample consisted of 
men and women aged 55-85 years, predominantly Caucasian (> 99%), stratified by age, sex, 
urbanization grade, and expected five-year mortality rate. Subjects were examined at baseline 
(1992-1993) and every three years thereafter.

Study population
Data for the present study were collected during the second cycle (1995-1996) from respon-
dents who were born in 1930 and before (aged 65 years or older as of 1 January, 1996) and 
were living in Amsterdam, Zwolle or Oss and surroundings. Of the 1720 eligible respondents, 
1509 (response rate 87.8%) took part in both the main interview and medical interview. The 



116 Osteocalcin and the pituitary-gonadal axis in elderly men

interviews were conducted by specially trained interviewers (main interview) and nurses (medical 
interview). All interviews were tape-recorded in order to monitor quality. 
Blood samples were available for 1318 participants (87.3% of 1509), of whom 656 were men. 
Participants were invited to the VU University Medical Center (VUMC) (respondents living in 
Amsterdam and surroundings) or a health care centre (respondents living in Zwolle and Oss 
and surroundings). Urine and blood samples were obtained in the morning after a light break-
fast (no dairy products). Blood samples were put on ice, centrifuged and analyzed immediately 
or stored at -20 °C or -80 °C until measurement. Serum levels of testosterone, luteinizing 
hormone and osteocalcin were determined in 628 men (95.7% of 656). Subjects using anti-an-
drogens (n = 3), gonadotropin-releasing hormone analogues (n = 4) and/or testosterone-5-al-
pha reductase inhibitors (n = 8) were excluded from all analyses, leaving 614 respondents. 
Informed consent was obtained from all participants. The study was approved by the Medical 
Ethics Committee of the VUMC.

Assessment of biochemical markers 
Testosterone (T) concentrations were measured by radioimmunoassay (Radio immunoassay
Coat-A-Count, DPC, Los Angeles USA), with an intra-assay coefficient of variation (CV) of 7% 
at 5 nmol/L and 6% at 30 nmol/L. The interassay CV was 7% at 11.5 nmol/L and 6% at 30 nmol/ 
L. Sex hormone-binding globulin (SHBG) concentrations were determined by an immunora-
diometric assay (Orion Diagnostica, Espoo, Finland), with an intra- and interassay CV of 6% at 
10 nmol/L and 5% at 18 nmol/L. Luteinizing hormone (LH) levels were measured by an immu-
nometric assay (Delfia Wallac, Turku, Finland), with an intra- and interassay CV of 3% and 7% 
at 3 U/L. The detection limits of testosterone, SHBG and LH were 1 nmol/L, 6 nmol/L and 0.3 
U/L, respectively. The lower reference limit was 8 nmol/L for testosterone and the reference 
range was 1.0-8.4 U/L for LH. Levels of free testosterone (FT) and bioavailable testosterone 
(bioT) were calculated according to the method described by Vermeulen et al. (19). Serum 
25-hydroxyvitamin D (25(OH)D) levels were measured by a competitive protein binding assay 
(Nichols Diagnostics Capistrano, CA, USA) and parathyroid hormone (PTH) by an immunora-
diometric assay (Incstar Corp., Stillwater, MN, USA). The interassay coefficients of variation 
were 10% and 12%, respectively. The detection limit was 10 nmol/L for 25(OH)D and 0.7 pmol/L 
for PTH. Osteocalcin (OC) was measured using an immunoradiometric assay (Biosource Diag-
nostics, Fleurus, Belgium) in 1997/1998. The intra- and interassay coefficients of variation were 
3% at 1.7 nmol/L and 8% at 3.5 nmol/L, respectively. The detection limit was 0.1 nmol/L.
 
Confounders
Age, body mass index (BMI), serum 25-hydroxyvitamin D, parathyroid hormone, alcohol use, 
smoking, number of self-reported chronic diseases and use of medication were considered 
as potential confounders. Data on age was derived from the population registries at baseline. 
Height was measured using a stadiometer and body weight was measured using a calibrated 
balance scale (without clothing and shoes). Waist circumference was determined as the aver-
age of two measurements measured midway between the lower rib margin and the iliac crest 
after normal expiration. BMI was calculated by dividing body weight (kg) by the height squared 
(m²). Self-reported alcohol use, smoking status, chronic diseases and use of medication were 
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registered during the main interview. Alcohol consumption was classified according to the 
Garretsen index into three categories: non-drinkers, moderate drinkers and (very) excessive 
drinkers based on the number of days drinking alcohol per month and the number of alcohol 
consumptions each time (20). Smoking was divided into currently smoking, used to smoke, 
and never smoked. Chronic disease included chronic nonspecific lung disease (including asth-
ma and chronic obstructive pulmonary disease [COPD]), cardiac disease, diabetes mellitus, 
cerebrovascular accident (CVA) or stroke, rheumatoid arthritis or osteoarthritis, cancer and 
hypertension. Use of vitamin K antagonists, systemic corticosteroids and β-blockers was in-
cluded in the analysis.

Statistical analysis
All analyses were performed using SPSS for Windows (version 20.0; SPSS, Inc., Chicago, IL, 
USA). The mean and standard deviation (SD) or the median and interquartile range (IQR) are 
reported depending on the distribution. To study the association between serum osteocalcin 
and (free, bioavailable) testosterone and the association between serum osteocalcin and 
luteinizing hormone linear regression analysis was performed. A log-transformed luteinizing 
hormone variable was used, because of the skewed distribution. All analyses were also 
performed with osteocalcin divided in quartiles, with the lowest quartile as reference group. 
The analysis was repeated after exclusion of subjects with testosterone levels below the lower 
reference limit and LH levels within the reference range (n = 23), and after exclusion of subjects 
with testosterone levels below the lower reference limit and LH levels above the upper 
reference limit (n = 12). The study was powered (80%) to detect a small effect (R2 = 0.025) with 
seven covariates with a two-sided significance level of 0.05. All analyses were tested at the 
0.05 level of significance. B-values were reported with standard errors (SE). Unadjusted anal-
ysis was performed first. The potential confounders were separately added to the first model. 
The confounder that showed the largest change in the regression coefficient was than included 
in the model, after which the remaining confounders were again separately included in the 
second model. This was repeated until no confounder showed a change of more than 10% in 
the regression coefficient.  

Results

Baseline characteristics of the study sample are shown in Table 1. The median age was 75.4 
(69.1-81.2) years. The median osteocalcin level was 1.8 (interquartile range 1.3-2.4) nmol/L. 
Osteocalcin was divided in quartiles with a range of Q1, 0.3-1.3 nmol/L, Q2, 1.3-1.8 nmol/L, 
Q3, 1.8-2.4 nmol/L and Q4, 2.4-9.4 nmol/L. Baseline data and serum concentration of sex 
hormones are presented for the whole cohort and according to the osteocalcin quartiles 
(Table 1). Age, BMI, waist circumference, serum levels of LH and FSH, serum levels of free and 
bioavailable testosterone, smoking status, use of vitamin K antagonists and β-blockers use 
were significantly different between the osteocalcin quartiles. Total testosterone levels, alcohol 
use, presence of self-reported chronic diseases, use of systemic corticosteroids and bisphos-
phonate use did not differ significantly with respect to the osteocalcin quartiles.    
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The results of the linear regression analyses are presented in Tables 2-4. Neither serum 
osteocalcin levels nor serum osteocalcin in quartiles were associated with total testosterone 
levels (data not shown). There was however a significant inverse association between serum 
osteocalcin levels and free testosterone (unadjusted B = -0.41 ± 0.09 ng/dL, p < 0.001) (Table 
2) and between serum osteocalcin and bioavailable testosterone (unadjusted B = -0.43 ± 0.07 
nmol/L, p < 0.001) (Table 3). Men in Q4 of osteocalcin had significantly lower free testosterone 
(12.5%, p < 0.001) and bioavailable testosterone levels than those in Q1 (17,2%, p < 0.001). 
After adjustment for relevant confounders (age, BMI, LH, PTH and 25(OH)D levels and vitamin 
K antagonist use), these relationships were still present. Furthermore, serum osteocalcin levels 
were positively associated with LH levels (unadjusted B = 0.13 ± 0.03 U/L, p < 0.001) (Table 4). 
Men in the lowest quartile of osteocalcin had lower levels of LH than those in Q4 (28.6%, p < 
0.001). This association remained significant after adjustment for confounders (age, BMI, bio-
available or free testosterone and PTH levels). After exclusion of men with low testosterone 
levels and normal LH levels (n = 23) and men with low testosterone levels and elevated LH 
levels (n = 12), linear regression analyses revealed similar results (data not shown).  
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Table 1 Baseline characteristics

Osteocalcin (OC) 
1.8 (1.3-2.4) nmol/L

OC, Q1
0.4-1.3 nmol/L

OC, Q2
1.3-1.8 nmol/L

OC, Q3
1.8-2.4 nmol/L

OC, Q4
2.4-9.5 nmol/L

p-value§
< 0.001

n 614 153 156 152 153

Age (years) 75.4 (69.8-81.2) 73.5 (68.9-81.0) 74.9 (68.8-79.8) 74.4 (69.9-81.7) 78.4 (72.1-82.8) < 0.001

BMI (kg/m²) 26.0 ± 3.4 27.0 ± 3.2 26.6 ± 3.3 26.0 ±3.0 24.6 ± 3.6 < 0.001

Waist circumference (cm) 99.2 ± 10.3 101.3 ± 9.5 100.3 ± 9.2 99.6 ± 9.6 95.4 ± 11.9 < 0.001

LH (U/L) 5.65 (3.82-7.92) 5.25 (3.25-7.62) 5.29 (3.62-7.07) 5.47 (4.13-7.70) 6.75 (4.32-11.61) < 0.001

FSH (U/L) 7.37 (4.75-12.59) 6.75 (4.51-11.49) 6.63 (4.58-12.18) 7.28 (4.90-10.55) 9.19 (5.31-21.63)  0.001

Total testosterone (nmol/L) 15.52 ± 4.81 15.61 ± 4.82 15.49 ± 4.52 15.52 ± 4.83 15.45 ± 5.11  0.922

Bioavailable testosterone* 
(nmol/L)

6.40 ± 1.94 6.93 ± 1.83 6.58 ± 1.85 6.33 ± 1.92 5.74 ± 2.00 < 0.001

Free testosterone* (ng/dL) 8.05 ± 2.33 8.53 ± 2.17 8.16 ± 2.11 8.04 ± 2.32 7.46 ± 2.58  0.001

SHBG (nmol/L) 41.1 (30.5-52.3) 36.7 (28.2-47.0) 40.0 (28.5-50.2) 40.5 (30.5-52.7) 46.7 (35.7-59.9) < 0.001

25(OH)D (nmol/L) 57.8 ± 24.6 56.3 ± 22.3 61.2 ± 24.2 60.9 ± 25.5 52.7 ± 25.5  0.006

PTH (pmol/L) 3.18 (2.41-4.36) 2.85 (2.23-3.76) 2.90 (2.27-4.03) 3.08 (2.44-4.12) 4.02 (2.87-5.49) < 0.001

Alcohol intake† (%)

Non-drinkers

Moderate drinkers

(very) excessive drinkers

 0.349

14.3 16.3 10.9 15.1 15.0

75.1 69.9 78.2 73.7 78.4

10.6 13.7 10.9 11.2 6.5

Smoking status (%)

Never

Current

Former

 0.036

10.1 11.8 9.0 9.9 9.8

24.8 17.0 21.8 26.3 34.0

65.1 71.2 69.2 63.8 56.2

Chronic disease‡ (%) 74.3 80.4 70.5 72.4 73.8  0.216

Medication use (%)

Systemic corticosteroid

Bisphosphonate

Vitamin K antagonist

β-blocker

1.6 1.3 1.3 3.3 0.7  0.291

0.2 0.7  0.389

8.5 18.3 3.8 8.6 3.3 < 0.001

16.0 24.2 15.4 12.5 11.8  0.011

Values are represented as mean ± standard deviation or median (interquartile range).   
* Calculated according to Vermeulen et al. (19)      
†  Non-drinkers: 0 glasses/week; moderate drinkers 1-21 glasses/week; 
(very) excessive drinkers: > 21 glasses/week.      
‡  Self-reported (chronic nonspecific lung disease, cardiac disease, diabetes mellitus,  

cerebrovascular accident/stroke, rheumatoid arthritis, osteoarthritis, cancer and hypertension).
§  Differences in mean values between quartiles (Q) were examined with one-way ANOVA (mean ± SD),  

Kruskal Wallis test (median) or chi-square test for categorical variables.
Testosterone: 1 ng/dL = 0.0347 nmol/L, osteocalcin: 1 μg/L = 0.171 nmol/L,  
25-hydroxyvitamin D: 1 ng/mL = 2.496 nmol/L. 
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Table 2 Association between serum osteocalcin and free testosteron

Osteocalcin (n = 614) Model 1 Model 2 Model 3 Model 4

Q1 Reference Reference Reference Reference

Q2 -0.38 ± 0.26 (0.148) -0.32 ± 0.25 (0.205) -0.40 ± 0.25 (0.106) -0.42 ± 0.25 (0.089)

Q3 -0.50 ± 0.26 (0.061) -0.42 ± 0.25 (0.102) -0.40 ± 0.25 (0.108) -0.43 ± 0.25 (0.081)

Q4 -1.08 ± 0.26 (0.000) -0.61 ± 0.26 (0.019) -0.49 ± 0.26 (0.054) -0.57 ± 0.26 (0.032)

Continuous -0.41 ± 0.09 (0.000) -0.28 ± 0.08 (0.001) -0.19 ± 0.08 (0.023) -0.22 ± 0.09 (0.012)

Data are presented with osteocalcin divided in quartiles (Q): 
Q1 = (0.4-1.3), Q2 = (1.3-1.8), Q3 = (1.8-2.4), Q4 = (2.4-9.5).    
The lowest quartile of osteocalcin is being used as reference group.  
Results are presented as B-value ± SE ng/dL (p-value).    
Model 1:   univariate. 
Model 2: as model 1 and adjusted for luteinizing hormone. 
Model 3: as model 2 and adjusted for age.    
Model 4: as model 3 and adjusted for vitamin K antagonist use and BMI.    

Table 3 Association between serum osteocalcin and bioavailable testosteron

Osteocalcin (n = 614) Model 1 Model 2 Model 3 Model 4

Q1 Reference Reference Reference Reference

Q2 -0.36 ± 0.22 (0.101) -0.31 ± 0.21 (0.142) -0.33 ± 0.20 (0.132) -0.43 ± 0.20 (0.034)

Q3 -0.60 ± 0.22 (0.006) -0.54 ± 0.21 (0.010) -0.50 ± 0.20 (0.013) -0.58 ± 0.20 (0.005)

Q4 -1.18 ± 0.22 (0.000) -0.80 ± 0.22 (0.000) -0.67 ± 0.21 (0.002) -0.70 ± 0.22 (0.002)

Continuous -0.43 ± 0.07 (0.000) -0.31 ± 0.07 (0.000) -0.24 ± 0.07 (0.001) -0.26 ± 0.08 (0.002)

Data are presented with osteocalcin divided in quartiles (Q): 
Q1 = (0.4-1.3), Q2 = (1.3-1.8), Q3 = (1.8-2.4), Q4 = (2.4-9.5).    
The lowest quartile of osteocalcin is being used as reference group.  
Results are presented as B-value ± SE nmol/L (p-value).    
Model 1:  univariate. 
Model 2: as model 1 and adjusted for luteinizing hormone. 
Model 3: as model 2 and adjusted for age and BMI.    
Model 4:  as model 3 and adjusted for vitamin K antagonist use, parathyroid hormone 

and 25-hydroxyvitamin D.    
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Table 4 Association between serum osteocalcin and the natural logarithm of luteinizing hormone  

Osteocalcin (n = 614) Model 1 Model 2 Model 3 Model 4 Model 5

Q1 Reference Reference Reference Reference Reference

Q2 0.03 ± 0.08 (0.709) 0.02 ± 0.08 (0.752) 0.01 ± 0.08 (0.851) 0.01 ± 0.08 (0.863) 0.01 ± 0.08 (0.855)

Q3 0.10 ± 0.08 (0.197) 0.08 ± 0.08 (0.300) 0.07 ± 0.08 (0.387) 0.07 ± 0.08 (0.400) 0.07 ± 0.08 (0.389)

Q4 0.39 ± 0.08 (0.000) 0.32 ± 0.08 (0.000) 0.28 ± 0.08 (0.000) 0.28 ± 0.08 (0.001) 0.28 ± 0.08 (0.001)

Continuous 0.13 ± 0.03 (0.000) 0.10 ± 0.03 (0.000) 0.08 ± 0.03 (0.002) 0.09 ± 0.03 (0.003) 0.09 ± 0.03 (0.003)

Data are presented with osteocalcin divided in quartiles (Q): 
Q1 = (0.4-1.3), Q2 = (1.3-1.8), Q3 = (1.8-2.4), Q4 = (2.4-9.5).    
The lowest quartile of osteocalcin is being used as reference group.
Results are presented as B-value ± SE U/L (p-value).    
Model 1: univariate. 
Model 2: as model 1 and adjusted for age. 
Model 3: as model 2 and adjusted for BMI. 
Model 4: as model 3 and adjusted for parathyroid hormone and bioavailable testosterone. 
Model 5: as model 3 and adjusted for parathyroid hormone and free testosterone.
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Discussion

In this population-based study of older subjects, serum osteocalcin levels were negatively 
associated with free and bioavailable testosterone levels and positively with LH levels, inde-
pendently of confounders. No association with total testosterone levels was observed.  

Circulating osteocalcin exists in two forms, carboxylated on three glutamate residues or 
undercarboxylated (5). Undercarboxylated osteocalcin is considered the biologically active 
form of osteocalcin (21, 22). In humans, an association between (undercarboxylated) osteo-
calcin and testosterone levels has been demonstrated in some, but not all studies. In the 
study of Kirmani et al., a correlation between total osteocalcin and total testosterone was 
found in 18 boys aged 11-14 years, but not in the other age groups (4-10 and 15-20 years) (15). 
This association was, however, no longer significant following adjustment for bone age. In a 
group of 2400 Chinese men aged 20-69 years, no association was found between total 
osteocalcin and total, free or bioavailable testosterone. In a subgroup of 357 men with any 
two factors of the metabolic syndrome, but not in men with one, three or more factors of the 
metabolic syndrome, osteocalcin was positively associated with total, free and bioavailable 
testosterone (17). In another, relatively small population of 69 patients with type 2 diabetes 
undercarboxylated osteocalcin and the undercarboxylated/total osteocalcin ratio was positively 
associated with free testosterone and negatively with LH (16). 

To date only the study by Hannemann et al. has shown a positive association in healthy, adult 
subjects (12). In 1338, German men osteocalcin was positively associated with total, but not 
with free testosterone after adjustment for age and BMI. The major difference between this 
study and ours was the age of the study population. Subjects in our population were older, 
with a median age of 75.4 (IQR 69.8-81.2) years, compared to 53.5 (IQR 41.0-65.0) years. In 
the study by Hannemann et al., the strength of the association between osteocalcin and total 
testosterone was attenuated, and the association between osteocalcin and free testosterone 
disappeared after adjustment for age, suggesting that age is an important modifier of the 
relationship between osteocalcin and testosterone.       
A randomized, placebo controlled trial by Bolland et al. (13) did not find a change in testos-
terone levels after a substantial reduction in total osteocalcin levels following zoledronate 
treatment in 28 HIV-infected men. In a study with 159 men from infertile couples, neither 
carboxylated, total nor percentage undercarboxylated osteocalcin was a predictor of testos-
terone in adjusted analysis (14). Only the association between percentage undercarboxylated 
osteocalcin and LH levels remained after adjustment. 

The strength of the present study lies in the large sample of older persons representative of 
the older Dutch population, combined with the availability of a large number of outcome 
measures and potential confounders. 

In our study we did not measure undercarboxylated osteocalcin levels, which has been 
identified as the hormonally active form of osteocalcin (7, 21). Most studies that showed a 
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significant association with testosterone levels in humans did assess only total osteocalcin 
levels (12, 13, 17) or did not find an association with undercarboxylated osteocalcin concen-
trations (14, 15). The measurement of undercarboxylated osteocalcin remains a challenge due 
to its close relationship with total osteocalcin levels (23, 24). This makes interpretation of the 
relationship between undercarboxylated osteocalcin and testosterone levels difficult and 
prone to bias. Post-translational carboxylation of osteocalcin is vitamin K dependent (5, 25). 
In our study population 8.5% of the subjects used a vitamin K antagonist, which might have 
resulted in a higher concentration of undercarboxylated osteocalcin (26). Inclusion of vitamin 
K antagonists as a confounder in the regression model did not change the results, and results 
were also not different after exclusion of subjects using a vitamin K antagonist, a β-blocker 
or systemic corticosteroids (data not shown). Several studies have indicated that undercar-
boxylated osteocalcin acts via the G protein-coupled receptor family C, group 6, member A 
(GPRC6A) receptor present in the Leydig cells of the testes to stimulated testosterone  
production (7, 27). However, a recent study could not confirm that undercarboxylated osteo-
calcin activates GPRC6A in transfected cells (28). 

There are several challenges when investigating the effects of osteocalcin on testosterone 
concentrations. First of all, low levels of testosterone are associated with high bone turnover, 
reflected in increased osteocalcin levels (29-32). Therefore, we cannot rule out that the 
detected negative association of osteocalcin with testosterone is caused by an effect of tes-
tosterone on bone metabolism, rather than the other way around. The main endocrine path-
way regulating male fertility is the hypothalamic-pituitary axis, in which LH favours testosterone 
synthesis. The positive association seen between osteocalcin and LH in our study seems 
merely the result of feedback loop between testosterone and LH, rather than the existence 
of a direct relationship between LH and osteocalcin. Second, none of the subjects participating 
in our study were osteocalcin deficient. It could well be that only a minimal amount of osteo-
calcin is needed to exhibit positive effects on testosterone concentrations, with a low threshold 
above which osteocalcin has no additional stimulatory effects. 

We observed a negative association between osteocalcin and free testosterone, and between 
osteocalcin and bioavailable testosterone, but not between osteocalcin and total testosterone. 
The majority of plasma testosterone is protein bound, mostly to SHBG with a high affinity, 
with the remainder nonspecifically bound to albumin. Only 1-2% of testosterone, referred to 
as the free fraction, circulates in an unbound form. The sum of free and albumin-bound 
testosterone is referred to as the bioavailable fraction. Total testosterone levels can be mea-
sured reliably by radioimmunoassays or tandem mass spectrometry. Several methods are 
available to estimate free and bioavailable testosterone. The gold standard for free testosterone 
measurement is equilibrium dialysis (19, 33). Immunoassays involving an analogic ligand are 
also used, but correspond poorly with the gold standard, and should therefore not be used 
(19, 34). Bioavailable testosterone can be obtained from serum total T concentrations and 
determination of the non-SHBG-T by the ammonium sulphate precipitation technique (35). 
Bioavailable and free testosterone can also be calculated by measuring total testosterone, 
SHBG and albumin concentrations and using the equilibrium-binding constants of testosterone 
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to SHBG and albumin (19). This is regarded as a reliable index of free testosterone and bio-
available testosterone (19). Most studies, including ours, used an immunoassay to determine 
total testosterone levels (12-14, 17) and calculated bioavailable and free testosterone levels 
(12, 17). One study used tandem mass spectrometry for total testosterone levels (15). And 
two studies measured free testosterone levels, one with a radioimmunoassay (16), the other 
did not state the method used (14). These small methodological differences can however not 
account for the differences in associations with osteocalcin found.   

In conclusion, serum osteocalcin levels were negatively associated with free and bioavailable 
testosterone levels and positively with luteinizing hormone levels in older men.
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Abstract 

Background Osteocalcin is a protein produced by osteoblasts and a well-known marker of 
bone formation. Animals studies have identified osteocalcin, in particular its undercarboxylated 
form, to have an important role in energy metabolism and reproduction. In humans, the 
majority of cross-sectional studies show a negative association of (undercarboxylated) 
osteocalcin levels with blood glucose, insulin resistance, diabetes, obesity and markers of 
metabolic syndrome, while only limited data are available on the role of osteocalcin in gonadal 
function. 

Objective We investigated the effect of changes in osteocalcin levels, induced by 12 weeks of 
parathyroid hormone (PTH) (1-34) 20μg/day treatment, on glucose tolerance, insulin sensitivity 
and plasma testosterone levels in men with osteoporosis.  

Methods Four male subjects aged 50-80 years with an indication for pharmacological treatment 
of osteoporosis were included in this crossover intervention trial. Subjects were randomized to 
receive treatment with PTH (1-34) during 12 weeks followed by no treatment during 12 weeks 
or vice versa. At the end of each treatment arm osteocalcin concentrations as well as body 
composition, glucose metabolism and insulin sensitivity were measured by whole-body dual-en-
ergy x-ray absorptiometry (DXA) scanning, an oral glucose tolerance test and a two-step hyper-
insulinemic euglycemic clamp.

Results In all subjects, osteocalcin concentrations increased during PTH (1-34) treatment. The 
median increase in osteocalcin was 127% (range, 84 to 191%). Despite these marked changes 
in osteocalcin levels, there was no significant change in glucose tolerance, insulin sensitivity, 
body composition or testosterone levels. 

Conclusion The preliminary results from this study do not support a role for osteocalcin in 
the regulation of glucose homeostasis and testosterone levels in humans. However, the sample 
size of this intervention study is too small to draw definitive conclusions at this stage. 
 

Introduction

Osteocalcin is an osteoblast-specific secreted molecule and a well-known marker of bone 
formation. In rodents, osteocalcin, in particular its undercarboxylated form, has been identified 
to have important hormonal functions, with a role in energy metabolism and reproduction 
(1-5). Osteocalcin knockout mice present with a metabolic phenotype of glucose intolerance, 
insulin resistance, increased fat mass and decreased energy expenditure (3). In addition, male 
osteocalcin knockout mice breed poorly and are characterized by decreased testicular and 
epididymal weight, decreased sperm counts and low circulating testosterone levels (1, 2). 
The recognition of the endocrine function of osteocalcin in mice resulted in a growing interest 
in the metabolic role of osteocalcin in humans. In two recent systematic surveys of the liter-
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ature, the majority of the cross-sectional studies found a negative correlation of serum 
undercarboxylated or total osteocalcin levels with blood glucose, insulin resistance, diabetes, 
obesity and markers of metabolic syndrome (6, 7). To date, only three studies have investi-
gated the effects of interventions in bone metabolism affecting osteocalcin concentrations 
on glucose metabolism (8-10). And only a few studies investigating the endocrine role of 
osteocalcin in human gonadal function are currently available and these studies reported 
conflicting results (11-17). The first genetic evidence that osteocalcin is involved in human 
gonadal function came from a loss-of-function mutation in the osteocalcin receptor found in 
two subjects during a systematic genomic analysis of subfertile males (1). 
Because of the correlative nature of the majority of the currently available literature in humans, 
the presence of different forms of osteocalcin, and the different metabolic end points used, 
it is difficult to draw any definitive conclusions at this point. There is an urgent need for 
prospective intervention studies investigating the endocrine role of (undercarboxylated) 
osteocalcin in humans. Unfortunately, osteocalcin is not available for administration in 
humans, but endogenous osteocalcin was reported to increase twofold during daily parathyroid 
hormone (PTH) administration (9). Although mRNA encoding the PTH receptor has been found 
in human pancreatic and testis tissue (18), there are no studies available stating that the PTH 
receptor is expressed by these tissues and that PTH administration has direct effects on 
insulin signaling and plasma testosterone levels. 
To further elucidate the hormonal actions of osteocalcin, we performed a prospective inter-
vention study, in which we studied the effect of changes in osteocalcin levels, induced by PTH 
(1-34) treatment, on testosterone levels, glucose tolerance and insulin sensitivity in male 
subjects with primary osteoporosis.  

Subjects and methods

Subjects
Male subjects aged 50-80 years with an indication for medical treatment of osteoporosis were 
recruited for this study. Indication for treatment was defined as a having a T-score between 
-3.5 and -2.5, a recent (clinical) vertebral fracture or two prevalent vertebral fractures inde-
pendent of bone mineral density, or a recent fracture and T-score ≤ -2.0. Exclusion criteria for 
participation were 1] contraindication to parathyroid hormone therapy: hypersensitivity to 
the active substrate or to any of the excipients, pre-existing hypercalcaemia, hepatic- or renal 
insufficiency, metabolic bone diseases other than primary osteoporosis or glucocorticoid-in-
duced osteoporosis, unexplained elevations of alkaline phosphatase, prior external beam or 
implant radiation therapy to the skeleton, patients with skeletal malignancies or bone metas-
tases; 2] any medication or disease influencing bone turnover; 3] diabetes mellitus and 4]
hypogonadism. Subjects were recruited by advertisements in public spaces and hospital and 
general physician waiting areas. All subjects agreed to participate in the study and written 
informed consent was obtained from all participants. 
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Study design and intervention
This open-label crossover randomized trial was performed at the Department of Endocrinology 
and Metabolism of the Academic Medical Center (AMC) of the University of Amsterdam in the 
Netherlands. At baseline, we took a complete (family) history, performed a general physical 
examination and measured body weight, height and blood pressure. A venous blood sample 
was drawn after an overnight fast to determine serum concentrations of calcium, albumin, 
phosphate, parathyroid hormone, 25-hydroxyvitamin D (25(OH)D), alkaline phosphatase, 
creatinine, glucose, glycated hemoglobin, insulin, luteinizing hormone (LH), testosterone and 
sex hormone-binding globulin (SHGB). We also determined serum C-terminal crosslinking 
telopeptides of collagen type I (CTx), procollagen type 1 N propeptide (P1NP) and osteocalcin 
as markers of bone turnover. After inclusion subjects were randomized to receive (1) PTH 
(1-34) 20μg daily (Forsteo, Eli Lily, the Netherlands) during 12 weeks followed by no treatment 
during 12 weeks or (2) no treatment for 12 weeks followed by 12 weeks of PTH (1-34) 20μg 
daily using a computer-generated randomization list (nQuery Advisor version 7.0, Statistical 
Solutions, Cork, Ireland). PTH (1-34) was injected subcutaneously in the morning or evening 
(depending on the subjects’ preference) at a fixed time during the entire intervention period. 
All participants received daily supplements of calcium carbonate (elemental calcium 500 mg) 
and cholecalciferol (800 IU). Every six weeks serum or plasma concentrations of glucose, 
insulin, LH, testosterone, CTx, P1NP and osteocalcin were determined. Body composition was 
measured at 12 and 24 weeks by whole-body dual-energy x-ray absorptiometry (DXA) scan-
ning (Hologic Discovery, Bedford, MA, USA; APEX system software version 3.3). Glucose me-
tabolism and insulin sensitivity were measured on two separate days using an oral glucose 
tolerance test (OGTT) and a two-step hyperinsulinemic euglycemic clamp at 12 and 24 weeks.
The study was approved by the Institutional Review Board of the Academic Medical Center 
(AMC) in Amsterdam, and was carried out in compliance with the Helsinki Declaration. The 
study was registered at the Netherlands Trial Registry (http://www.trialregister.nl) as NTR3859. 

Oral glucose tolerance test 
Glucose tolerance was determined by an oral glucose tolerance test. Following an overnight 
fast an intravenous catheter was inserted in the antecubital vein of the right arm for blood 
sampling. To keep the sampling line patent, a slow infusion of NaCl 0.9% was used. At baseline 
a blood sample was drawn to determine glucose, insulin and C-peptide concentrations. Next, 
subjects were instructed to drink 75 grams of glucose dissolved in 300 ml of water within 60 
seconds (t=0). The following four hours blood samples were drawn at t=5, 10, 15, 20, 40, 60, 
80, 100, 120, 150, 180, 210 and 240 minutes for measurement of glucose, insulin and C-peptide 
concentrations. Subjects were restricted to bed rest with minimal physical activity. 

Two-step hyperinsulinemic euglycemic clamp
Insulin sensitivity was measured with a two-step hyperinsulinemic euglycemic clamp. After an 
overnight fast subjects were admitted to the Metabolic Clinical Research Unit of the AMC at 
8:00 h. For the administration of the stable isotope, glucose and insulin and for blood sampling, 
an intravenous catheter was inserted into the dorsal vein of each arm. One catheter was used 
to sample arterialized venous blood using a thermo-regulated hand box (60 °C). To keep the 
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sampling line patent, a slow infusion of NaCl 0.9% was used. The other catheter was used to 
infuse [6,6-²H2]glucose, a 20%-glucose solution and insulin. At 8:30 h, after taking a blood 
sample to determine the background enrichment of plasma glucose, a primed continuous 
infusion of [6,6-²H2]glucose (> 99% enriched; Cambridge Isotopes, Andover, USA) was started 
at a rate of 0.11 μmol/kg·min (priming dose: 11 μmol/kg). After a two hour equilibration period 
blood samples were drawn for measurement of glucose enrichment and glucoregulatory 
hormones (insulin, glucagon and cortisol). Thereafter, a primed continuous infusion of insulin 
(Actrapid 100 U/ml; Novo Nordisk Farma BV, Alphen aan den Rijn, the Netherlands) was started 
at a rate of 15 mU/m2 body surface area·min to asses hepatic insulin sensitivity (step 1). 
Plasma glucose concentrations were measured every 10 minutes and the 20%-glucose solu-
tion was infused at a variable rate to maintain euglycemia at 5 mmol/L. [6,6-²H2]glucose was 
added to the infusate containing the 20%-glucose solution to achieve glucose enrichments of 
1%. This was done to minimize changes in isotopic enrichment from changes in the infusion 
rate of exogenous glucose and thus to allow for accurate quantification of endogenous glu-
cose production. After two hours blood samples were drawn at 5 min intervals for glucose 
enrichment and glucoregulatory hormones. Thereafter the infusion rate of insulin was in-
creased to 60 mU/m2 body surface area·min to asses peripheral insulin sensitivity (step 2). 
After 2 h blood samples were drawn again at 5 min intervals for glucose enrichment and 
glucoregulatory hormones. Endogenous glucose production (EGP) and peripheral glucose 
uptake (rate of disappearance [Rd]) were calculated using modified versions of the Steele 
equations for the non-steady state and are expressed as micromoles/kilograms/minute (19, 
20). Hepatic insulin sensitivity was expressed as percent insulin-mediated suppression of 
baseline EGP.    

Body composition
Body composition was measured by whole-body dual-energy x-ray absorptiometry (DXA) scan-
ning (Hologic Discovery, Bedford, MA, USA; APEX system software version 3.3).

Biochemical assessment 
CTx, P1NP and osteocalcin were measured using immunoassays (Modular Analytics E 170, 
Roche Diagnostics Corporation, Indianapolis, IN, Orion Diagnostica, Espoo, Finland, and 
BioSource, Nivelles, Belgium, respectively). Plasma glucose was determined with a Biosen 
C-line plus glucose analyzer (EKF Diagnostics, Barleben, Germany). Glycated hemoglobin was 
determined with liquid chromatography with an automated glycohemoglobin analyzer (Tosoh 
Corporation, Tokyo, Japan). Insulin (chemiluminescent immunometric assay) and cortisol  
(chemiluminiscent immunoassay) were measured on an IMMULITE 2000 system (Siemens 
Healthcare, Erlangen, Germany). Glucagon and C-peptide levels were determined with a 125I 
radioimmunoassay (Merck Millipore, Darmstadt, Germany). [6,6-²H2]glucose enrichment was 
measured with gas chromatography-mass spectrometry, as previously described in detail (21). 
Testosterone was determined with an in-house UPLC-tandem MS method on an Acquity-Xevo 
TQ-S system (Waters, Etten-Leur, the Netherlands). LH was determined with an electro- 
chemiluminescence immunoassay (Roche Diagnostics Limited, Rotkreuz, Switzerland). Inter-
assay coefficients of variation (CV) were as follows: CTx 3%, P1NP 8%, osteocalcin 8%, glucose 
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3.9%, glycated hemoglobin 0.4%, insulin 9.2%, cortisol 8.4%, glucagon 6.6%, C-peptide 12.6%, 
[6,6-²H2]glucose 1.4%, testosterone 1.5% and LH 1.7%. All blood samples during follow-up 
were collected in the morning between 7:00 and 9:00 h after an overnight fast. Blood samples 
were centrifuged within 30 min and analyzed immediately or stored at -80 °C until analysis. 
All assays were performed in duplicate at the end of the study period in a single batch.

Statistical analysis
The statistical analysis was carried out with SPSS for Windows (version 22.0; SPSS Inc., Chica-
go, IL, USA). Data are presented as mean and standard deviation (mean±SEM) or median and 
range. Area under the curve (AUC) and incremental AUC (iAUC) of plasma glucose and insulin 
levels following the 75 g oral glucose load were calculated with GraphPad Prism for Windows 
(version 5.01; GraphPad Software, Inc.; La Jolla, CA, USA). Comparison between osteocalcin 
concentrations after 12 weeks of PTH (1-34) and 12 weeks of no intervention were made 
with the Wilcoxon signed-rank test. Non-parametric analysis was chosen due to the relatively 
small number of study subjects. Statistical tests were two-sided and a p-value of 0.05 was 
considered significant.

Power and sample size calculation
A previous study showed that median osteocalcin levels increase 177% (95% CI 139-232%) 
with three months of PTH (9). Based on these results, with a two-sided significance level of 
0.05, a sample size of six will have 80% power to detect a significant difference in osteocalcin 
levels (nQuery Advisor 7.0, Janet D. Elashoff ). For our primary outcome, the influence of osteo-
calcin on testosterone levels and glucose metabolism, no pilot studies have been performed, 
so an exact sample size calculation cannot be performed. Because of uncertainties in our 
calculation an extra two subjects (total of eight study subjects) will be included in the study.

Results

Subject characteristics
The results presented in this paper are based on an interim analysis of the data of four of the 
intended eight subjects to be included in this study. Table 1 shows the characteristics of the 
study participants. One subject was a current moderate smoker. None of the subjects used 
more than seven units of alcohol per week. Median 25-hydroxyvitamin D concentration was 
43 nmol/L (range, 34 to 48 nmol/L). Two subjects had impaired fasting plasma glucose levels, 
i.e. > 5.6 mmol/L, but normal glycated hemoglobin concentrations. Median fasting plasma 
insulin levels were 45.5 pmol/L (range, 20.8-86.0 pmol/L). No adverse events occurred during 
the intervention period.  
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Bone turnover markers
Bone turnover marker concentrations increased with daily PTH (1-34) treatment (Table 2). The 
median increase in osteocalcin was 127% (range, 84 to 191%) (p = 0.068). An increase in CTx 
was observed after 12 weeks of PTH (1-34) in all except one subject (median increase 95 ng/L 
[range, -32 to 275 ng/L]). P1NP concentrations increased in all subjects (median increase 23 
μg/L [range, 11 to 60 μg/L]). 

Table 1 Characteristics of study subjects

 n = 4

Age (years)  61 (51-73)

Body mass index (kg/m²)  23.3 (19.4-29.8)

Smoking (n)  1

Fracture (n)  4

DXA T-score femoral neck -2.1 (-1.9 - -2.4)

DXA T-score L1-L4 -2.6 (-2.1 - -3.2)

Serum concentrations

Calcium (mmol/L)

25-hydroxyvitamin D (nmol/L)

PTH (pmol/L)

 2.34 (2.26-2.47)

 43 (34-48)

 4.3 (3.4-6.9)

Values are presented as median and range or number (n).

Glucose metabolism, body composition and testosterone levels
No changes in fasting glucose, glycated hemoglobin and fasting insulin levels were observed 
during the study period (Table 2). Glucose tolerance was assessed by an OGTT at the end of 
each intervention (PTH and control). Glucose and insulin values during OGTT were higher in 
two subjects and lower in the other two subjects after 12 weeks of PTH (1-34) treatment com-
pared to no intervention (Figure 1A-B). In line, the area under the curve (AUC) and incremental 
AUC (iAUC) of glucose and insulin excursions after ingestion of glucose showed no consistent 
change after 12 weeks of PTH administration (Figure 1A-B). Hepatic insulin sensitivity and 
peripheral insulin sensitivity did not show a consistent change after 12 weeks of PTH (1-34) 
treatment compared to no intervention (Figure 2A-B). Moreover, no changes in body weight, 
fat mass, lean body mass, total body bone mineral content and total body bone mineral density 
were observed during the study period (Table 2). Despite the substantial difference in osteo-
calcin levels, testosterone showed a decrease in two of the subjects and an increase in the 
other subjects over time (Figure 3).      
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Figure 1 Glucose (mmol/L) (A) and insulin (pmol/L) (B) excursions following an oral glucose tolerance test  
(75 g of glucose) after 12 weeks of PTH (1-34) 20 μg/day (closed dots) and after 12 weeks of no intervention 
(open dots). Data are expressed as mean±SEM.
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Figure 2 Hepatic insulin sensitivity (% suppression endogenous glucose production (EGP]) (A) and peripheral 
insulin sensitivity (rate of disappearance [Rd], μmol/kg·min) (B) after 12 weeks of no intervention (control)  
and 12 weeks of PTH (1-34) 20 μg/day.
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Table 2 Metabolic parameters and bone turnover markers after 12 weeks of  
no intervention (control) and 12 weeks of PTH (1-34) 20 μg/day  

 Control  PTH 

Body weight (kg)  62.0 (57.1-83.8)  63.1 (57.1-84.0)

Fat mass (%)  26.2 (18.7-33.9)  27.1 (17.7-34.4)

Lean body mass (%)  70.8 (63.1-77.9)  69.9 (62.7-79.0)

DXA total body BMC (g)  2190.0 (1954.8-2453.7)  2230.4 (1895.5-2495.8)

DXA total body BMD (g/cm²)  1028 (1005-1117)  1054 (1009-1101)

DXA total body T-score -1.8 (-2.1 - -0.80) -1.6 (-2.0 - -1.0)

Testosterone (nmol/L)  13.8 (11.3-23.6)  15.7 (10.3-21.0)

LH (U/L)  4.4 (3.5-5.3)  5.7 (4.3-6.3)

Fasting glucose (mmol/L)  5.7 (4.8-5.9)  5.6 (5.3-6.0)

Glycated haemoglobin (mmol/mol)  40 (39-41)  40 (38-41)

Fasting insulin (pmol/L)  45.5 (20.8-86.0)  50.5 (19.3-90.0)

CTx (ng/L)  342 (277-428)  436 (245-703)

P1NP (μg/L)  43 (33-61)  70 (46-111)

Osteocalcin (nmol/L)  2.1 (1.7-2.6)  4.8 (3.5-6.7)

Values are presented as median and range. 

  



















 







Figure 3 Plasma testosterone levels (nmol/L) after 12 weeks of no intervention (control) and 12 weeks  
of PTH (1-34) 20 μg/day. 
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Discussion

The preliminary results from this study demonstrate that daily PTH (1-34) administration for 
12 weeks increases osteocalcin levels by 127%. These changes in osteocalcin levels were not 
associated with a consistent pattern of change in body composition, glucose tolerance, insulin 
sensitivity and testosterone levels.  

From animal studies, it is well established that osteocalcin, especially in its undercarboxylated 
form, plays an important role in glucose homeostasis (3, 22, 23). These observations have led 
to several cross-sectional studies investigating the role of osteocalcin in glucose metabolism 
in humans. The results have been summarized in two recent reviews of the literature (6, 7). 
The majority of these studies is consistent with observations from animal models, reporting 
a negative correlation between serum levels of undercarboxylated or total osteocalcin and 
blood glucose, insulin resistance, diabetes, obesity or markers of the metabolic syndrome. 
This is contrary to the preliminary results presented in the present intervention study as 
we did not find any effect of marked elevations in osteocalcin levels by PTH on metabolic 
parameters. To date, only three studies have investigated the effects of interventions in 
bone metabolism affecting osteocalcin concentrations on glucose metabolism (8-10). In a 
study in 97 postmenopausal women, undercarboxylated osteocalcin levels increased in parallel 
with PTH (1-84) (n = 64) and decreased with bisphosphonate administration (n = 33). The 
three-month change in undercarboxylated osteocalcin in this study was inversely associated 
with body weight and positively associated with adiponectin at 12 months. However, three-
month changes in undercarboxylated osteocalcin were not correlated with 12-month changes 
in insulin and glucose (9). In another study, significantly decreased levels of total and under-
carboxylated osteocalcin were observed in 84 postmenopausal subjects following 16-weeks 
treatment with a bisphosphonate. After 16 weeks of treatment, fasting glucose levels increased 
significantly, but HOMA-IR increased significantly only in the subgroup with normal fasting 
glucose. No correlations were observed between changes in osteocalcin and changes in glucose 
parameters (8). Furthermore, inhibition of bone resorption in the FIT (alendronate), HORIZON- 
PFT (zoledronic acid) and FREEDOM (denosumab) trials was not associated with significant 
changes in fasting glucose levels or diabetes risk (10). In addition, two randomized trials involving 
the administration of vitamin K1, which is known to substantially lower undercarboxylated 
osteocalcin concentrations, did not observe an effect on fasting glucose and insulin resistance 
(24, 25). To summarize, evidence from cross-sectional studies points to a similar role for (under- 
carboxylated) osteocalcin in glucose metabolism in humans as has previously been observed 
in animals, but results from studies reporting interventions which affect osteocalcin concen-
trations are not unequivocal.  

In addition to the metabolic phenotype, male osteocalcin knockout mice are characterized by 
a subfertile phenotype (1, 2). The endocrine role of osteocalcin in human gonadal function 
has currently been investigated only in a few cross-sectional studies (11-17). One large popu-
lation-based study showed osteocalcin to be positively associated with total testosterone 
levels (11). Other studies did not find an association between osteocalcin and testosterone 
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(12, 13, 17) or reported an association only in a selected population of young subjects (14) 
and subjects with metabolic disorders (15, 16). Our study is the first intervention study to 
investigate testosterone levels following increases in osteocalcin produced by PTH adminis-
tration. In summary, the vast majority of cross-sectional studies, as well as this present study, 
do not support a biologically significant role for osteocalcin in the regulation of human testos-
terone levels, in contrast to animal models.

Evidence from longitudinal human studies suggests that (undercarboxylated) osteocalcin has 
little or even no effect on glucose homeostasis and testosterone levels. There are several 
explanations why mouse models do not translate to the human situation. Mice have three 
osteocalcin genes, whereas humans have only one (26). The human osteocalcin gene is upreg-
ulated by 1,25-dihydroxyvitamin D, whereas in mice opposite effects are seen (26). Further-
more, while osteocalcin is completely absent in osteocalcin knockout mouse models, this is 
not the case after antiresorptive therapies and vitamin K administration in humans although 
marked reductions in (undercarboxylated) osteocalcin levels are achieved.  

Circulating osteocalcin exists in two forms, carboxylated on three glutamate residues, and 
undercarboxylated (27). In rodents, undercarboxylated osteocalcin has been identified as the 
biologically relevant form of osteocalcin (2, 3, 22). When interpreting the current literature it 
is important to know that different approaches to present results are chosen. Both direct (ELISA, 
ECLIA) and indirect (hydroxyapatite binding assay) methods to measure undercarboxylated 
osteocalcin are available (28, 29). In addition there are different ways to report undercarboxy- 
lated osteocalcin values, i.e. absolute values and percentages. The establishment of stan-
dardized procedures to measure and report total and undercarboxylated osteocalcin will 
resolve this issue.  
In this study, we did not measure undercarboxylated osteocalcin, which in rodents has been 
regarded as the hormonally active form of osteocalcin (2, 3). However, total osteocalcin and 
undercarboxylated osteocalcin levels are highly correlated (14, 26, 30), making total osteo-
calcin levels a good indicator of undercarboxylated osteocalcin concentrations. Therefore, 
total osteocalcin can also be used as a biomarker when investigating the endocrine actions 
of osteocalcin.    

There are several limitations to our study. First of all, this interim analysis was based on a very 
small study population. In addition, only male subjects above the age of 50 years with an 
indication for medical treatment of osteoporosis were included. 
Since osteocalcin is not available for administration in humans, we used PTH treatment to 
increase endogenous osteocalcin levels. There are no studies available investigating the direct 
effects of PTH on insulin signaling and glucose homeostasis or plasma testosterone levels. To 
avoid potential confounding by PTH, future research should be invested in making (under-
carboxylated) osteocalcin available for exogenous administration in humans.
The strength of this present study lies in its study design. By means of PTH administration a 
striking increase in endogenous osteocalcin levels was achieved. The increase was not sig-
nificant due to our very small study population, but without exception osteocalcin levels 
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increased dramatically in all subjects. Due to the crossover design, paired comparison is 
possible in which subjects serve as their own control. In addition, glucose metabolism was 
investigated with a hyperinsulinemic euglycemic clamp, which is regarded as the gold standard 
for assessing insulin resistance. 

Treatment with antiresorptive therapy for osteoporosis is associated with a decrease in (under- 
carboxylated) osteocalcin levels (9). Based on the currently available data there is no reason 
to assume that these patients are at increased risk for developing iatrogenic hypogonadism 
or diabetes mellitus and that caution is needed when prescribing these drugs. Unfortunately 
this also means that raising serum (undercarboxylated) osteocalcin levels carries no promise 
as an effective novel therapeutic approach in the prevention and treatment of diabetes mellitus 
or subfertility and gonadal dysfunction. 

In conclusion, the preliminary results from this study do not support an endocrine role for 
osteocalcin in humans as has been observed in animal models. However, the sample size of 
the present intervention study is too small to draw definitive conclusions. 
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In this chapter, the results of the studies presented in this thesis are put into perspective. A 
short summary of the main results is given, along with an overview of where we currently 
stand, the clinical implications of the present findings and directions for future research.

Part I: Sympathetic control of bone remodeling
In this part we performed a series of experiments to investigate the role of the sympathetic 
nervous system (SNS) in human bone remodeling. In rodents, the SNS signals through the 
beta-2 adrenergic receptor located on the osteoblast to enhance bone resorption (1, 2). Like-
wise, pharmacological stimulation and inhibition of the beta-2 adrenergic receptor decreases 
and increases bone mass, respectively (3, 4). It is uncertain whether a similar role for the 
beta-2 adrenergic receptor in bone metabolism exists in humans. Studies on the association 
between beta-blocker and beta-agonist use and fracture risk have shown conflicting results 
(5-8). In combination with the observational nature of these studies, it remains difficult to 
draw any definite conclusions. We therefore performed a prospective intervention trial, in 
which we did not find an effect of treatment with a selective beta-2 adrenergic agonist and a 
non-selective beta-adrenergic antagonist on bone turnover in healthy postmenopausal women 
(9) (chapter 2). These results are supported by a previously published randomized controlled 
trial, which showed that non-selective beta-adrenergic blockade does not affect bone turnover 
(10). In addition, polymorphisms in the beta-2 adrenergic receptor known to influence receptor 
function, were not associated with bone mineral density or fracture risk in two independent 
cohorts (11). Taken together, these data do not support a critical role for the beta-2 adrenergic 
receptor in human bone metabolism. 

Since there is convincing evidence that the SNS regulates bone metabolism in humans (12, 
13), the mechanism of signal transduction may involve other adrenergic receptors. Both mice 
with a global genetic inactivation of the beta-1 adrenergic receptor and double beta-1/beta-2 
adrenergic receptor knockout mice have decreased bone mass (14). On the other hand, ge-
netic inactivation of all three beta-adrenergic receptors results in a high bone mass phenotype 
(15). In addition, in an animal model with chronic increased sympathetic activity due to an 
alpha-2A and alpha-2C adrenergic receptor knockout, female mice showed an increased bone 
mass (16). These observations suggest a complex interplay of regulation by different adrenergic 
receptors. To further delineate the role of the SNS in human bone metabolism we determined 
the acute effect of a single oral dose of the selective alpha-2 adrenergic receptor agonist 
clonidine on bone turnover. In healthy male and female volunteers, clonidine enhanced bone 
resorption marker levels, despite the reduced sympathetic tone (17) (chapter 3). The results 
of this study oppose the general view that increased SNS activity has a catabolic effect on 
bone or it may indicate that the observed effects of clonidine are mediated via direct stimulation 
of alpha-2 adrenergic receptors on bone cells. Although human osteoclast-like cells did ex-
press alpha-2 adrenergic receptor mRNA, in vitro osteoclast formation and activity was not 
affected by clonidine (17) (chapter 3), suggesting that direct osteoclast stimulation is not the 
mechanism of action. 
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The clinical relevance of the increase in bone resorption observed following pharmacological 
alpha-2 adrenergic stimulation needs to be explored. Alpha-2 adrenergic agonists are licensed 
to treat postmenopausal vasomotor symptoms. Studies on the long-term effects of alpha-2 
adrenergic stimulation on bone turnover are needed. Based on our results, clonidine could 
potentially aggravate the risk of developing osteoporosis in a group already at risk.
The aforementioned in vitro data do not support a role for the alpha-2 adrenergic receptor in 
the differentiation and activity of human osteoclasts. Since it is not certain that osteoclast-like 
cells generated from monocytes behave similar to in vivo grown osteoclasts, it would be useful 
to perform additional experiments with primary osteoclasts harvested, e.g., during orthopaedic 
surgeries (18). It is also possible that alpha-2 adrenergic stimulation increases osteoclast  
function indirectly via other bone cells. In vitro experiments examining osteocyte and/or os-
teoblast activity following alpha-2 adrenergic administration would therefore be informative. 

In an attempt to look further into the role of the alpha-2 adrenergic receptor, we investigated 
associations between several alpha-2 adrenergic gene single nucleotide polymorphism (SNPs) 
and bone mineral density and fracture risk, but were unable to demonstrate an effect (chapter 
4). Functionality of these alpha-2 adrenergic SNPs has never been examined, but in the liter-
ature these SNPs have previously been associated with various disease phenotypes. The results 
from SNP association studies give some indication regarding possible mechanisms involved. 
However, a major disadvantage of these studies is that genomic variations say little about a 
specific target tissue. Therefore, subsequent experiments with cell specific knockouts are 
needed to establish the exact role of alpha-adrenergic receptors in bone metabolism. 

Part II: Humoral control of bone remodeling
In the second part of this thesis we focussed on the humoral control of bone. Over the last 
several years, an increasing interest in bone marrow fat has emerged, partly facilitated by the 
development of noninvasive marrow fat imaging techniques. Bone marrow fat increases with 
aging and is inversely related to bone mass (19-22). This balance between bone marrow adipose 
tissue and bone is thought to emerge from the common mesenchymal progenitor cell shared 
by osteoblasts and adipocytes (23). Sex steroids may be involved in the regulation of bone 
marrow fat, because men have higher bone marrow fat than women and bone marrow fat 
increases with menopause (19). To date, only long-term changes in bone marrow fat have been 
investigated (24-26), which does not allow the study of bone marrow fat independent of (de-
tectable) changes in bone mass. We demonstrated that short-term changes in bone marrow 
fat do occur. In healthy postmenopausal women, treatment for two weeks with oral 17-β estra-
diol administration rapidly decreases bone marrow fat content and increases bone formation 
marker levels (27) (chapter 5). These results indicate that 17-β estradiol rapidly reduces bone 
marrow fat independent of bone mass, which supports the existence of a reciprocal relation-
ship between adipocytes and osteoblast formation and/or activity. Considering this link between 
osteoblasts and adipocytes, factors modifying lineage commitment of the mesenchymal stem 
cell could lead to novel bone loss treatments. In line with our results, in vitro studies have 
shown that mesenchymal stem cell differentiation is affected by estrogen (28-31), but future 
studies are needed to understand the exact pathways involved.  
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It has been recognized that the number of mature osteoblasts is not only determined by 
progenitor cell faith. As adipokines and fatty acids, secreted by marrow adipocytes in the local 
microenvironment, are known to influence osteoblast differentiation and function in a negative 
way (32, 33). Lipotoxicity can be one of the reasons why marrow fat accumulation is negatively 
associated with measures of bone integrity and fracture risk (34, 35). This link between marrow 
fat and measures of bone integrity and fracture risk could potentially serve as an additional 
predictor for fracture risk in the future. In fact, one study performed in elderly female subjects 
showed that marrow fat content has a moderate to high sensitivity in discriminating between 
fast and slow bone losers (36). Additional prospective studies are needed to provide more 
evidence that marrow fat can predict bone loss. In addition, treatments targeted at marrow 
adipocyte toxic release could potentially serve as new bone loss prevention modalities. 

Another potentially interesting aspect of bone marrow fat is its endocrine role by the secretion 
of adiponectin, a hormone with beneficial systemic metabolic effects (37-40). In food restricted 
mice and in patients with anorexia nervosa, an increase in bone marrow fat is observed, 
despite marked reductions in peripheral body fat (41, 42). A recent study demonstrated that 
secretion of adiponectin from bone marrow adipose tissue is greater than from other fat 
sources. Moreover, the expansion of bone marrow adipose tissue is necessary for the increased 
adiponectin levels observed during caloric restriction (40). This suggests that in lean states 
expansion of bone marrow adipose tissue and the resulting increase in adiponectin might 
serve to promote metabolic health. The longitudinal effect of weight loss on marrow fat in 
humans is unknown. A recent pilot study in small number of subjects showed that bone marrow 
fat did not change in nondiabetic subjects six months after gastric bypass surgery while it 
decreased in patients with diabetes (26). Larger studies with a longer follow-up period are 
needed to understand the unique metabolic behavior and regulation of marrow fat.     

Because adipocytes and osteoblasts originate from the same precursor cell, a correlation 
between obesity and bone metabolism has been assumed. While traditionally obesity was 
thought to be beneficial to bone, recently detrimental effects of excessive body fat on bone 
have been described (43-45). As a result of the worldwide obesity rise, diets have become 
increasingly popular. While successful diets are linked to improved health outcome in obese 
subjects, numerous studies in rodents and children with epilepsy have shown that low-car-
bohydrate/high-fat diets can act negatively on bone (46-70). To distinguish between the effect 
of differences in energy intake and the effect of variation in dietary composition, we deter-
mined the effect of short-term eucaloric diets, with different fat and carbohydrate amount, 
on bone turnover. An eucaloric high-fat, low-carbohydrate diet decreases bone resorption, 
while an eucaloric low-fat, high-carbohydrate diet increases bone resorption (chapter 6). 
These results indicate that short-term alterations in dietary content may impact on bone 
metabolism. Since this is the first study investigating the effects of eucaloric variation in dietary 
carbohydrate and fat content on bone metabolism, additional studies are required to confirm 
our results and to investigate the possible mechanisms involved. These studies should also 
determine the long-term effect of dietary carbohydrate and fat content on bone and look into 
other outcome measures including bone mineral density and fracture risk. In the future, 
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carbohydrate and fat could possibly serve as additional modifiable dietary factors to maintain 
bone health, next to calcium and vitamin D.

Part III: Bone as an endocrine organ
In this part we aimed to demonstrate that bone is not only a recipient of hormonal input, but 
acts as an endocrine organ itself, by the secretion of osteocalcin by osteoblasts. The study 
of knockout animals and in vitro experiments have identified osteocalcin, in particular its 
undercarboxylated form, to have important hormonal functions, with a role in energy metabo-
lism and reproduction (71-75). Osteocalcin knockout mice present with a metabolic phenotype 
of glucose intolerance, insulin resistance, increased fat mass and decreased energy expenditure 
(73). In addition, male osteocalcin knockout mice breed poorly and are characterized by 
decreased testis and epididymal weights, a decreased sperm count and low circulating tes-
tosterone levels (71, 72). In humans, in two systematic surveys of the literature, the majority 
of the studies observed a negative correlation of serum undercarboxylated or total osteocalcin 
levels with blood glucose, insulin resistance, diabetes, obesity and markers metabolic syn-
drome (76, 77). Less information is available on the role of osteocalcin in human gonadal 
function. The first human genetic evidence that osteocalcin fulfils a hormonal function in 
humans, came from a loss-of-function mutation in the osteocalcin receptor found in two 
males with a subfertile phenotype (71). However, in a unselected cohort of older Dutch men, 
serum osteocalcin did not show to be an important positive modifier of testosterone levels 
(78) (chapter 7). Because of the correlative nature of the currently available studies, as well 
as the use of different assays to measure osteocalcin and the presentation of different forms 
of osteocalcin, at this point it is impossible to draw definitive conclusions. There is an urgent 
need for prospective intervention studies investigating the hormonal actions of osteocalcin 
in humans. Osteocalcin is not available for administration in humans, but endogenous osteo-
calcin increases 2-3 fold during daily PTH administration (79). Therefore we studied the effect 
of 12 weeks of PTH treatment on testosterone levels and metabolic indices in male subjects 
with primary osteoporosis. The preliminary results from this study do not support a role for 
osteocalcin in the regulation of glucose homeostasis and testosterone levels in humans (chapter 
8). However, the small sample size of this study does not allow for a firm conclusion at this 
stage. Additional large-scale prospective studies are needed to establish once and for all 
whether osteocalcin has similar hormonal actions in humans as demonstrated earlier in animal 
experiments. In addition, such studies will provide information whether dysregulation of glucose 
metabolism and testosterone can be expected in patients treated with antiresorptive and 
anabolic therapy for osteoporosis. 

Concluding remark 
In conclusion the beta-2 adrenergic receptor does not seem to be crucial in the regulation of 
human bone metabolism by the sympathetic nervous system. At this point, in vivo and in vitro 
studies on a possible role for the alpha-2 adrenergic receptor are inconclusive. Still, there is 
convincing evidence that the SNS influences bone turnover is humans. For the future, the 
challenge remains to identify the pathways and mechanisms involved.
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The close relationship between bone marrow fat and bone has been recognized for years. 
Only recently, progress has been made in understanding the unique metabolic behaviour and 
regulation of bone marrow fat. In the long run, bone marrow fat may play an important role 
in the diagnostics and therapeutics of osteoporosis. Another potentially interesting modifiable 
factor which can contribute to bone health is dietary fat and carbohydrate content. 
Although many of the novel roles of bone have been well established in animal models, the 
majority of longitudinal studies do not support a similar endocrine or metabolic role for bone 
in humans. 
In this thesis we show several aspects of bone metabolism that could not direct be extrapolated 
from mouse models to humans. Therefore when interpreting the currently available literature, 
caution needs to be taken, while future human studies will establish whether or not this field 
holds diagnostic and/or therapeutic promise.  
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Summary 

The interaction between bone and whole-body physiology is a novel and rapidly evolving 
research theme. In this thesis we aimed to extend our understanding of the role of the sym-
pathetic nervous system in human bone remodeling and the interaction of bone with whole-
body energy metabolism.

Part I: Sympathetic control of bone remodeling
The overall aim of this part was to study the role of the sympathetic nervous system (SNS) in 
human bone remodeling. In rodents, a role for the SNS in bone remodeling is well established. 
Deletion of the beta-2 adrenergic receptor in the osteoblast and administration of a beta-blocker 
both result in a high bone mass phenotype. Likewise, pharmacological stimulation of the 
beta-2 adrenergic receptor decreases bone mass. 
It is uncertain whether a similar mechanism exists in humans, because of conflicting results 
from mostly observational studies. We therefore determined in a randomized controlled trial 
the effect of 12 weeks treatment with a selective beta-2 adrenergic agonist and a non-selective 
beta-2 antagonist on bone remodeling in healthy postmenopausal women. In this study serum 
bone turnover marker levels did not change during pharmacological beta-adrenergic stimulation 
or inhibition, indicating that the role of the beta-adrenergic receptor is limited, or even 
non-existing, in human bone metabolism (chapter 2). 

A possible explanation for these conflicting results could be the contribution of other adren-
ergic receptors to bone remodeling. The alpha-2 adrenergic receptor is expressed in the 
brainstem and reduces sympathetic activity upon activation. To study the role of the alpha-2 
receptor in human bone metabolism we determined the acute effect of a single oral dose of 
clonidine, which is a selective alpha-2 adrenergic receptor agonist, on bone turnover markers 
in healthy subjects. We showed that bone resorption markers increase following pharma- 
cological alpha-2 adrenergic receptor stimulation, despite the reduced sympathetic tone 
(chapter 3). This observation opposes the general view that the SNS has a catabolic effect 
on bone. Next, we investigated whether these effects were mediated via direct stimulation of 
alpha-2 adrenergic receptors on the osteoclast by determining the effect of clonidine on 
osteoclastogenesis and bone resorption in vitro. Human osteoclast-like cells expressed mRNA 
for all alpha-2 adrenergic receptor subtypes, but osteoclast formation and activity were not 
affected by clonidine (chapter 3), suggesting that direct osteoclast stimulation does not con-
tribute to the in vivo effect of clonidine on bone resorption. 

In chapter 4 we further investigated the role of the alpha-2 adrenergic receptor in human 
bone metabolism. We determined the association between single nucleotide polymorphisms 
(SNPs) in the alpha-2 adrenergic receptor genes and bone mineral density or fracture risk in 
a meta-analysis of multiple cohort studies within the framework of the GEFOS (Genetic Factors 
for Osteoporosis Consortium) consortium. Despite the large sample size, we were unable to 
demonstrate an association of any of the investigated alpha-2 adrenergic receptor gene SNPs 
with bone mineral density and fracture risk.      
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Part II: Humoral control of bone remodeling
In this part we focussed on the link between bone and energy metabolism. In recent years a 
growing interest in bone marrow adipose tissue has emerged, because of its reciprocal relation- 
ship with bone mass. Because men have higher bone marrow fat than premenopausal women 
and clinical observations have suggested greater bone marrow fat variation in premenopausal 
compared to postmenopausal women and men, sex steroids may be involved in the regulation 
of marrow fat. To support this hypothesis we first measured bone marrow fat fraction in a 
group of healthy ovulating women during one menstrual cycle. We observed a small but con-
sistent pattern of variation. Bone marrow fat fraction increased significantly during the follicular 
phase, and showed a nonsignificant decrease during the luteal phase (chapter 5). Next we 
studied the effect of two weeks of 17-β estradiol administration on bone marrow fat in a group 
of postmenopausal women. Bone marrow fat fraction rapidly decreased during 17-β estradiol 
administration and increased again after cessation. A simultaneous increase in bone formation 
marker levels was observed (chapter 5). These results indicate that 17-β estradiol rapidly 
reduces bone marrow fat independently of bone mass and support the existence of a reciprocal 
relationship between osteoblasts and adipocytes. 

While diets aimed to lose weight are associated with improved health outcomes in obese 
subjects, accumulating data suggest that diet composition also affects bone. Low-carbohy-
drate and/or high-fat diets have adverse effects on bone health in rodent experiments and 
in children with epilepsy. It remains unclear whether these effects are triggered by differences 
in energy intake or rather by variation in dietary carbohydrate and fat content. In chapter 6 
we compared the effect of short-term eucaloric variation in carbohydrate and fat ratio on 
bone turnover. We found that an eucaloric high-fat, low-carbohydrate diet decreases bone 
resorption while an eucaloric low-fat, high-carbohydrate diet increases bone resorption. 
Eucaloric variation in dietary carbohydrate and fat does not seem to affect bone formation.

Part III: Bone as an endocrine organ
Osteocalcin is a protein produced by osteoblasts and a well-known marker of bone formation. 
Studies in knockout animals and in vitro experiments have indicated that osteocalcin, in 
particular its undercarboyxlated form, can also act as a hormone affecting energy metabolism 
and the gonadal axis. In humans, the majority of cross-sectional studies investigating the role 
of osteocalcin in energy metabolism showed a negative correlation of serum undercarboxylated 
or total osteocalcin levels with blood glucose, insulin resistance, diabetes, obesity or markers 
of the metabolic syndrome. Limited data on the role of osteocalcin in human gonadal function 
are available. In chapter 7 we addressed the association of osteocalcin levels with the pituitary- 
gonadal axis in a large, unselected cohort of older Dutch men. We showed that serum osteo-
calcin levels were negatively associated with free and bioavailable testosterone levels, but not 
total testosterone, and positively with luteinizing hormone levels. These results indicate that 
in humans osteocalcin is not an important positive modifier of testosterone production. To 
further elucidate the metabolic and hormonal actions of osteocalcin, we performed a prospec-
tive intervention study to study the effect of changes in osteocalcin levels on glucose tolerance, 
insulin sensitivity and testosterone concentrations. In chapter 8 PTH administration caused 
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marked increases in osteocalcin levels. These changes did, however, not lead to consistent 
changes in body composition, glucose tolerance, insulin sensitivity and testosterone levels. 
These results do not support an endocrine role for osteocalcin in humans as has been observed 
in animal models. 

In chapter 9 the results of the abovementioned studies are discussed and put into 
perspective.
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De interactie tussen het skelet en de rest van het lichaam is een nieuw, snel ontwikkelend 
onderzoeksgebied. In dit proefschrif t hebben wij gekeken naar de effecten van het 
sympathetische zenuwstelsel op de botstofwisseling en de interactie van bot met systemisch 
energiemetabolisme. 

Deel I: De rol van het sympathetische zenuwstel in de botstofwisseling
Deel 1 van dit proefschrift beschrijft de resultaten van een aantal humane studies waarin de 
relatie tussen het sympathetische zenuwstelsel en bot is onderzocht. Uit dierexperimenteel 
onderzoek komt een duidelijke rol voor het sympathetische zenuwstelsel in de botstofwisseling 
naar voren. Een deletie van de beta-2 adrenerge receptor op de osteoblast en het toe dienen 
van een beta-blocker leiden beide tot een hoge botmassa, terwijl farmacologische stimulatie 
van de beta-2 adrenerge receptor verlies van botmassa geeft.   
Doordat er voornamelijk observationele studies zijn verricht met conflicterende uitkomsten, 
is het onduidelijk of een dergelijk mechanisme ook in de mens aanwezig is. Wij hebben in een 
gerandomiseerde prospectieve interventie studie gekeken naar de effecten van 12 weken 
behandeling met een selectieve beta-2 agonist en niet-selectieve beta-antagonist op de 
botstofwisseling in postmenopauzale vrouwen. In deze studie zagen wij geen verandering in 
botmarker concentraties gedurende farmacologische beta-adrenerge receptor stimulatie of 
blokkade. Deze resultaten suggereren dat de bijdrage van de beta-adrenerge receptor aan de 
humane botstofwisseling slechts beperkt is (hoofdstuk 2). 

De conflicterende resultaten worden mogelijk verklaard door een aandeel van een van de 
andere adrenerge receptoren in de botstofwisseling. De alpha-2 adrenerge receptor komt tot 
expressie in de hersenstam en stimulatie van deze receptor leidt tot een reductie van de 
sympathische tonus. Om de rol van de alpha-2 adrenerge receptor in de humane botstofwisseling 
verder te onderzoeken, hebben wij gekeken naar de acute effecten van clonidine, een selectieve 
alpha-2 adrenerge receptor agonist, op botmarker concentraties in gezonde vrijwilligers. Wij 
hebben laten zien dat farmacologische alpha-2 adrenerge receptor stimulatie een toename van 
de botresorptie geeft, ondanks de verlaagde sympathische activiteit (hoofdstuk 3). Deze 
observatie gaat in tegen de algemeen heersende gedachte dat het sympathetische zenuwstel 
een katabool effect op bot heeft. Vervolgens hebben wij onderzocht of deze resultaten 
kunnen worden verklaard door directe stimulatie van de alpha-2 adrenerge receptor op de 
osteoclast. Dit hebben wij gedaan door in vitro te kijken wat de effecten van clonidine op de 
osteoclastogenese en botresorptie zijn. Alpha-2 adrenerge receptor mRNA komt tot expressie 
in humane osteoclast-achtige cellen, maar osteoclast vorming en activiteit worden niet 
beïnvloed door clonidine (hoofdstuk 3). Deze resultaten suggereren dat directe osteoclast 
stimu latie niet bijdraagt aan het in vivo geobserveerde effect van clonidine op de bot resorptie.            

In hoofdstuk 4 hebben we de rol van de alpha-2 adrenerge receptor in de humane 
botstofwisseling verder bestudeerd. We hebben de associatie tussen polymorfismen in de 
alpha-2 adrenerge receptor genen enerzijds en botmineraaldichtheid en fractuurrisico 
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anderzijds bekeken in een meta-analyse van meerdere cohort studies van het GEFOS 
(genetische factoren voor osteoporose consortium) consortium. Ondanks de grote 
onderzoekspopulatie, geeft deze studie geen aanwijzingen voor een associatie tussen 
polymorfismen in de alpha-2 adrenerge receptor en botmineraaldichtheid en fractuurrisico. 

Deel II: Humorale regeling van de botstofwisseling
In dit deel hebben wij ons verdiept in het verband tussen bot en energie metabolisme. De 
laatste jaren is er een toenemende belangstelling voor beenmergvet, mede door de al langer 
bekende reciproque relatie hiervan met botmassa. Mannen hebben meer beenmergvet dan 
vrouwen. Klinische observaties laten daarnaast zien dat er bij premenopauzale vrouwen een 
grotere variatie in de hoeveelheid beenmergvet bestaat dan bij postmenopauzale vrouwen 
en bij mannen. Dit leidde tot de hypothese dat geslachtshormonen mogelijk betrokken zijn 
bij de regulatie van beenmergvet. Wij hebben gekeken naar korte termijn veranderingen in 
de hoeveelheid beenmergvet. Eerst beschrijven we veranderingen in de hoeveelheid 
beenmergvet in een groep gezonde vrouwen gedurende een volledige menstruatiecyclus. De 
hoeveelheid beenmergvet nam significant toe tijdens de folliculaire fase en liet een niet-
significante daling zien tijdens de luteale fase (hoofdstuk 5). Vervolgens hebben we de 
effecten van twee weken 17-β oestradiol toediening op de hoeveelheid beenmergvet in een 
groep postmenopauzale vrouwen onderzocht. De hoeveelheid beenmergvet vertoonde een 
snelle daling tijdens 17-β oestradiol toediening, met gelijktijdig een toename van parameters 
van de botaanmaak (hoofdstuk 5). Deze resultaten laten zien dat 17-β oestradiol toediening 
resulteert in een snelle daling van de hoeveelheid beenmergvet, onafhankelijk van 
veranderingen in de botmassa. De resultaten ondersteunen de hypothese van het bestaan 
van een reciproque relatie tussen de osteoblast en de adipocyt.

Personen met overgewicht ervaren een verbetering van hun gezondheid door gewicht 
reducerende diëten. Er is echter steeds meer bewijs dat dieet samenstelling op zichzelf een 
effect op bot kan hebben. Dierexperimenteel onderzoek en onderzoek in kinderen met 
epilepsie, laat zien dat diëten laag in koolhydraten en/of vetten ongewilde effecten op het 
skelet hebben. Het is onduidelijk of dit wordt veroorzaakt door verschillen in energie inname 
of door de hoeveelheid koolhydraat en/of vet in de voeding. In hoofdstuk 6 hebben wij 
gekeken naar de korte termijn effecten van verschillende hoeveelheden vet en koolhydraat in 
de voeding op de botstofwisseling. Bij alle diëten werd de totale hoeveelheid calorieën 
constant gehouden. We laten zien dat een koolhydraatvrij dieet met een hoog vetgehalte een 
afname van de botafbraak geeft, en een hoog koolhydraatdieet een toename van de 
botafbraak. Botaanmaak wordt niet beïnvloed door de samenstelling van het dieet.            

Deel III: Bot als een endocrien orgaan
Osteocalcine wordt geproduceerd door de osteoblast en is vooral bekend als marker voor de 
botaanmaak. In vitro experimenten en studies in knockout muizen laten zien dat osteocalcine, 
in het bijzonder de niet-gecarboxyleerde vorm, hormonale eigenschappen bezit met een 
duidelijke rol in de energie huishouding en de testosteron productie in de testis. De meeste 
cross-sectionele studies die zijn verricht in mensen laten een negatieve correlatie zien tussen 
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serum niet-gecarboxyleerd of totaal osteocalcine enerzijds en bloed glucose, insuline resis-
tentie, diabetes, obesitas of markers van metabool syndroom anderzijds. Beperkte data 
zijn beschikbaar over de rol van osteocalcine in de humane gonadale as. In hoofdstuk 7 
beschrijven we de associatie tussen osteocalcine concentraties en de hypofysaire-gonadale 
as in een groot, ongeselecteerd cohort oudere Nederlandse mannen. We laten zien dat os-
teocalcine positief geassocieerd is met de plasmaconcentratie van luteïniserend hormoon 
en negatief met vrij en bioavailable testosteron, maar niet met totaal testosteron. Deze 
resultaten laten zien dat osteocalcine geen belangrijke bijdrage levert aan de testosteron 
productie in mensen. Om de hormonale eigenschappen van osteocalcine verder te 
onderzoeken hebben wij een prospectieve interventie studie uitgevoerd. In hoofdstuk 8 
laten we zien dat PTH behandeling een uitgesproken toename van de osteocalcine 
concentratie geeft. Deze toename heeft echter geen verandering van de glucose tolerantie, 
insuline gevoeligheid en testosteron spiegels tot gevolg.

We bediscussiëren onze resultaten in hoofdstuk 9.
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