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INTRODUCTION

The skeleton is perhaps the most multifunctional part of our body. First of all, it provides 
an internal framework and enables locomotion; without a skeleton we would be lying 
flat on the floor. Secondly, it provides a hard outer shell, protecting the vulnerable 
internal organs from damage. Thirdly, it hosts the delicate bone marrow, providing a 
supportive environment for hematopoiesis. Finally, the skeleton serves many metabolic 
and endocrine functions, from the storage and release of calcium and phosphate to 
the production of hormones. To maintain its functional integrity and to serve these 
important functions, the skeleton undergoes constant remodeling, effectively renewing 
all of its tissue every seven years. This energy-consuming process of bone remodeling is 
influenced and regulated by mechanical forces, hormones, metabolic factors, and, more 
recently discovered, the sympathetic nervous system.

Bone and bone marrow
To provide strength, bones are made up of an outer layer of thick, cortical bone. In 
order to provide lightweight flexibility at the same time, the inside of bones consists of a 
meshwork of trabecular bone. The bone marrow lies interspersed within this trabecular 
network. 

Bone is composed of cells and extracellular matrix. The three major bone cells are the 
osteoblast, originating from the mesenchymal stem cell, the osteoclast, originating 
from the hematopoietic stem cell, and the osteocyte, a descendant of the osteoblast. 
The osteocyte lies embedded within the bone matrix and senses mechanical forces 
and damage to the bone. In response, it secretes factors activating bone resorption by 
the osteoclast, effectively removing the damage. This is followed by bone formation 
by the osteoblast, synthesizing new bone to fill the cavity created by the osteoclast. 
These coupled processes of bone resorption and bone formation are known as ‘bone 
remodeling’. The bone matrix consists of inorganic matrix, mainly hydroxyapatite, a 
mineral complex of calcium and phosphate crystals, deposited into the organic matrix, 
mainly consisting of type I collagen. During bone resorption and formation, degradation 
and synthesis products of collagen are released into the circulation. These products can 
be measured and used as markers of bone resorption and formation, collectively termed 
‘bone turnover markers’. Bones start to develop during fetal life and continue to grow 
after birth. During these years, bone formation dominates bone resorption. Around the 
age of 30, peak bone mass is attained. Bone formation and resorption are now balanced 
to maintain bone mass.  With aging, bone resorption gradually increases and bone 
formation decreases, leading to a loss of bone mass, increasing the risk of fractures (1-4). 
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Bone marrow exists in two variants, red or hematopoietic marrow and yellow or 
fatty marrow. Hematopoietic marrow is made up of hematopoietic stem cells and its 
descendants, cells of the erythrocyte, thrombocyte and leukocyte lineage, and provides 
all the blood cells. Fatty marrow consists of adipocytes originating from the mesenchymal 
stem cell. At birth, the bone marrow consists entirely of red or hematopoietic marrow 
and during aging the hematopoietic marrow is gradually converted into yellow or fatty 
marrow. This conversion proceeds from the peripheral to the central skeleton and by 
the age of 25, the conversion is almost complete in the femora whereas in the vertebrae 
only 40% of the bone marrow is fatty marrow. Historically, fatty marrow was considered 
passive filling of the bones but over the last years, evidence is accumulating that the bone 
marrow fat actively influences hematopoiesis and bone metabolism by providing energy 
and secreting mediators and fatty acids. However, the precise characteristics, kinetics 
and function of the bone marrow adipocytes remain to be elucidated (5-7). 

Sympathetic innervation of bone and bone marrow
The autonomic nervous system controls homeostatic organ function and is divided into 
the sympathetic and parasympathetic nervous system. The sympathetic nervous system 
connects the brain to the visceral organs and is known for its ‘fight or flight’ response. 
Noradrenaline, the neurotransmitter of the sympathetic nervous system, activates the 
adrenergic receptors on the target tissues. Subtypes of the adrenergic receptors, alpha (1 
and 2) and beta (1 to 3), have variable affinities for noradrenaline and differential tissue 
distributions (8). 

Bones and bone marrow are innervated by sympathetic nerve fibers (9;10) and both 
bone cells as well as bone marrow cells express adrenergic receptors (11-13). Therefore 
sympathetic control of bone metabolism and hematopoiesis is likely. Indeed, a series of 
experiments in mice have shown that disruption of sympathetic signaling, ultimately 
by genetic deletion of the beta-2 adrenergic receptor on the osteoblast, decreases bone 
resorption leading to an increase in bone mass (14-17). In addition, pharmacological 
inhibition (beta-blockers) and stimulation (beta-agonists) of sympathetic signaling, 
respectively, increases and decreases bone mass (18;19). Hematopoietic stem cells in 
the bone marrow are in close contact with osteoblasts and migration of hematopoietic 
stem cells from the bone marrow into the blood depends at least partly on sympathetic 
signaling (13;20). 

In humans, the sympathetic control of bone metabolism remains uncertain. 
Retrospective observational studies investigating the association between beta-blocker 
treatment and fracture risk reported inconclusive results, although a meta-analysis 
showed some fracture reduction in patients using beta-blockers (21).  However, the 
only prospective intervention study showed no effect of a beta-adrenergic antagonist 
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on bone metabolism in postmenopausal women (22). The sympathetic control of bone 
marrow migration and hematopoiesis in humans is still unknown, although there are 
reports that sympathetic nerve damage is involved in failure of hematopoietic bone 
marrow repopulation following chemotherapy (23). In addition, high catecholamine 
concentrations following trauma suppress erythropoiesis (24) and sympathetic nerves  
may be able to regulate hematopoietic stem cells in myeloproliferative diseases (25). 

Hormonal control and activity of bone and bone marrow
Estrogen has long been recognized as a key hormone controlling bone metabolism (26). 
The decline in estrogen production during menopause induces bone loss, ultimately 
leading to postmenopausal osteoporosis. This postmenopausal decrease in bone is 
accompanied by an increase in bone marrow fat (27), which was traditionally considered 
passive filling of the vacant bone marrow cavity. Recent studies have challenged this view. 
Firstly, bone marrow adipocytes and osteoblasts both originate from the mesenchymal 
stem cell and estrogen has been shown in vitro to induce the differentiation of the 
mesenchymal stem cell towards the osteoblast at the expense of the adipocyte (28;29). 
Secondly, bone marrow adipocytes were shown in vitro to release fatty acids and secrete 
adipokines (30;31), which could both negatively impact bone metabolism. However, 
the active role of bone marrow adipocytes and their interaction with bone cells are areas 
of active investigation at this moment. 

Insulin is another important hormone involved in bone metabolism. Bone remodeling 
consumes energy and one of the major sources of energy comes from glucose metabolism, 
hormonally controlled by insulin (32). Insulin also exerts a direct anabolic effect on 
bone. Insulin deficiency and overproduction, as in diabetes type 1 and 2, are associated 
with decreased and increased bone mass, respectively, both resulting in increased 
fracture risk (33). Recent studies have shown that the endocrine relationship between 
insulin and bone might not be unidirectional, since bone influences the production 
of insulin by the secretion of osteocalcin, a bone matrix protein. In mice, the ablation 
of osteocalcin decreased insulin concentrations whereas the infusion of recombinant 
osteocalcin stimulated insulin production by the pancreas (34;35). In humans, the 
role of osteocalcin in insulin and glucose metabolism is less clear and remains to be 
experimentally confirmed.

AIM AND OUTLINE OF THE THESIS

The first part of this thesis investigates the role of the sympathetic nervous system in 
human bone metabolism and hematopoiesis. We used three different approaches:  a 
clinical approach, a genetic approach, and a pharmacological approach. In chapter 
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2 we studied bone turnover in pheochromocytoma patients as a model of sympathetic 
overstimulation. In chapter 3 we determined the association between polymorphisms 
in the beta-2 adrenergic receptor and fracture risk in two large, Dutch cohorts and we 
determined the association between these polymorphisms and bone mineral density in 
a large international consortium. In chapter 4 we conducted a randomized controlled 
trial to investigate the effects of a beta-adrenergic agonist and an antagonist on bone 
turnover in healthy, postmenopausal women. And in chapter 5 we studied the effect 
of administration of a beta-adrenergic agonist and antagonist on circulating CD34+ 
hematopoietic stem cells in healthy, postmenopausal women. 
The second part of this thesis focuses on the hormonal control and activity of bone and 
bone marrow. In chapter 6 we described the variation in bone marrow fat during the 
menstrual cycle and investigated the changes in bone marrow fat during two weeks of 
estradiol treatment in postmenopausal women. Finally, in chapter 7 we reviewed the 
evidence concerning the interaction between bone metabolism and glucose metabolism 
in humans putting it into clinical perspective. 
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Bone resorption is increased in pheochromocytoma 

patients and normalizes following adrenalectomy.
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ABSTRACT

Context: The sympathetic nervous system (SNS) controls bone turnover in rodents, but 
it is uncertain whether a similar role for the SNS exists in humans. Pheochromocytomas 
are catecholamine producing neuro-endocrine tumors. Since catecholamines are the 
neurotransmitters of the SNS, we hypothesized that pheochromocytoma patients have 
increased bone turnover.

Objective: Our objective was to compare bone turnover in pheochromocytoma patients 
and controls.

Design and setting: This retrospective case-control study was performed at the Endocrine 
Department of the Academic Medical Center of the University of Amsterdam (AMC/
UvA) in the Netherlands from 2007 until 2011.

Patients: All patients were screened for pheochromocytoma. Cases (n=21) were 
identified by 24-hour urinary excretion of fractionated metanephrines above the 
institutional reference value and confirmed by histology following adrenalectomy. All 
patients screened and diagnosed as not having pheochromocytoma, served as controls 
(n=126).

Main outcome measure: The difference in bone turnover markers C-terminal cross-
linking telopeptides of collagen type I (CTx) and procollagen type 1 N propeptide 
(P1NP) between cases and controls.

Results: CTx concentrations were higher in cases (343 ng/L (interquartile range (IQR) 
295 ng/L)) than in controls (232 ng/L (IQR 168 ng/L)) (p=<0.001) and decreased 
following adrenalectomy (before 365 ng/L (IQR 450 ng/L), after 290 ng/L (IQR 241 
ng/L), p=0.044). The effect remained after adjustment for possible confounders. P1NP 
concentrations did not differ.

Conclusions: This study shows that pheochromocytoma patients have increased bone 
resorption, which normalizes following adrenalectomy. This finding supports the concept 
of regulation of bone remodeling by the sympathetic nervous system in humans. 
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INTRODUCTION

Over the last decade, the sympathetic nervous system (SNS) has been identified as an 
important regulator of bone turnover in mice (1). Disruption of sympathetic signaling 
by deletion of the adrenergic beta-2 receptor leads to a high bone mass phenotype (2). In 
addition, pharmacological manipulation of the SNS by administration of beta-blockers 
or beta-agonists induces an increase and decrease, respectively, in bone mass (3-6).

Whether this ‘central control’ of bone metabolism also holds true for humans remains 
a question. Several retrospective case-control and cohort studies have investigated the 
risk of fracture during beta-blocker treatment and whereas some showed a reduction in 
fracture risk, others found no change. A meta-analysis did show an overall reduction in 
fracture risk (7). For beta-agonist treatment, three studies failed to demonstrate an effect 
on fracture risk in patients with chronic obstructive pulmonary disease (8-10). The 
observational nature of these studies, however, makes it difficult to draw any definite 
conclusions.

To study the effect of sympathetic stimulation on bone in humans, we investigated bone 
metabolism in pheochromocytoma patients. Pheochromocytomas are catecholamine 
producing neuro-endocrine tumors (11). Norepinephrine, a catecholamine, is the 
main neurotransmitter of the sympathetic nervous system. We hypothesized that 
pheochromocytoma patients would have an increase in bone turnover resulting from 
sympathetic overstimulation. Therefore, we conducted a case-control study comparing 
bone turnover markers in pheochromocytoma patients and controls.

MATERIALS AND METHODS

Study design and setting
This retrospective case-control study was performed at the Endocrine Department of 
the AMC/UvA in the Netherlands. All patients screened for pheochromocytoma in 
2007 and 2008 were included in the study; the inclusion of case patients was extended 
to 2009, 2010 and 2011. The screening protocol for pheochromocytoma was carried 
out as reported before (12). The Institutional Review Board of the AMC approved this 
study.

Study population
Patients were biochemically screened for pheochromocytoma because of 1) symptoms 
and signs suggesting pheochromocytoma, 2) adrenal incidentaloma or 3) a genetic 
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predisposition for pheochromocytoma (multiple endocrine neoplasia type 2 or 
succinate dehydrogenase complex subunit D mutation). Patients with a history of 
pheochromocytoma, pregnancy, alcohol or drug abuse or age under 18 years were 
excluded.
Screening consisted of measurement of 24 hour urinary excretion of fractionated 
metanephrines. Patients with measured concentrations above the institutional age 
adjusted reference value underwent imaging of the adrenal gland. The diagnosis of 
pheochromocytoma was confirmed by histology following adrenalectomy and these 
patients were defined as cases. All other patients were defined as controls. Of all patients 
age, sex, length, weight, smoking status and medication use were recorded.

Analytical procedures
C-terminal cross linking telopeptides of collagen type I (CTx) and procollagen type 1 
N propeptide (P1NP) are parameters reflecting bone resorption and bone formation, 
respectively, and were the main outcome measures. CTx and P1NP were measured 
using immunoassays (Modular Analytics E 170, Roche Diagnostics Corporation, 
Indianapolis, IN, and Orion Diagnostica, Espoo, Finland, respectively), as described 
earlier (13).
To establish the diagnosis pheochromocytoma, urinary metanephrines and 
normetanephrines were measured. Urine samples were acidified to pH <2, boiled for 
30 minutes and diluted in pasteurized plasma protein solution (Albuman, Sanquin, 
Amsterdam, The Netherlands). Thereafter urine samples were analyzed as plasma samples 
and the fractionated metanephrines were determined by automated online solid-phase 
extraction HPLC-tandem Mass spectrometry as described by de Jong et al (14).
All measurements were performed on serum samples collected in the morning after 
an overnight fast following the standardized protocol during the pheochromocytoma 
screening (12) and stored at -20°C until assayed. For some case patients measurements 
were repeated after adrenalectomy following the same protocol.

Statistical analysis
The statistical analysis was done using PASW Statistics for Windows, version 18.0 (SPSS 
Inc. Chicago, Illinois, USA). The mean and standard deviation (SD) or the median 
and interquartile ranges (IQR) are reported depending on the distribution. Differences 
between cases and controls were tested using the Mann-Whitney-U test and differences 
before and after adrenalectomy using the Wilcoxon signed rank test since the bone 
turnover markers follow a skewed distribution. Bone turnover markers were log-
transformed to perform multiple linear regression analysis to test for confounding and 
effect modification by interaction. Assumptions underlying the linear regression model 
were met. All tests were two-sided and a p-value of <0.05 was considered significant.
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RESULTS

Patients
During 2007 and 2008 180 patients were screened for pheochromocytoma. Of 36 
patients the blood samples could not be retrieved. 10 patients were excluded because of 
a history of pheochromocytoma. 8 cases were identified and the remaining 126 patients 
were controls. During 2009-2011 13 additional cases were identified, therefore the 
total number of cases is 21. In all cases, the diagnosis was confirmed by pathological 
examination after surgery. Characteristics of the cases and controls are shown in table 1. 
Cases and controls were comparable except for the 24-hour urinary (nor) metanephrines 
secretion. 

TABLE 1 Patient Characteristics
Controls Cases p-value

Number 127 21
Sex % male 39 48 0.476
Age - years (SD) 59 (14) 55 (12) 0.266
BMI - kg/m2 (SD) 27.3 (4.8) 24.2 (3.6) 0.007
Smoking % 35 38 0.729
Medication

Corticosteroid use % 2 0 0.475
Hormonal replacement therapy use % 6 5 0.882
Bisphosphonate use % 3 0 0.408
Thiazide diuretic use % 22 33 0.268
Beta-blocker use % 24 14 0.333

Normetanephrine excretion in 24-h urine - μmol (IQR) 1.63 (0.99) 5.74 (15.28) <0.001
Metanephrine excretion in 24-h urine - μmol (IQR) 0.45 (0.31) 2.66 (22.5) <0.001

TABLE 1 Patient Characteristics

Bone turnover markers and pheochromocytoma
CTx concentrations were higher in cases than in controls (343 ng/L (IQR 295 ng/L) 
versus 232 ng/L (IQR 168 ng/L) p=<0.001) (figure 1A). Multiple linear regression analysis 
confirmed the association between pheochromocytoma and CTx after adjustment for 
age, sex, BMI, smoking status and medication use (thiazide diuretics, glucocorticoids, 
hormonal replacement therapy, bisphosphonates and beta-blockers) (model: constant 
2.378, pheochromocytoma B 0.203 ± SE 0.058, 95% CI 0.088-0.318, p=0.001). Of 
these possible confounders, only the use of beta-blockers (n=33) and bisphosphonates 
(n=3) were significant predictors for CTx. Beta-blocker users had a lower median CTx 
concentration (200 ng/L (IQR 164 ng/L)) than non-users (297 ng/L (IQR 202 ng/L)) 
(p=0.005).
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P1NP concentrations did not differ between cases and controls (cases 45 μg/L (IQR 
43 μg/L) versus controls 41 μg/L (IQR 24 μg/L) p=0.408) (figure 1B). Multiple linear 
regression analysis did not show any other significant predictors for P1NP.

Adrenalectomy
In 16 pheochromocytoma patients a blood sample following adrenalectomy was 
available. CTx concentrations decreased following adrenalectomy from 365 ng/L (IQR 
450 ng/L) to 290 ng/L (IQR 241 ng/L) (p=0.044) (figure 1C). After adrenalectomy 
CTx concentrations were no longer different from controls. P1NP concentrations did 
not change following adrenalectomy (before adrenalectomy 41 μg/L (IQR 35 μg/L), 
after adrenalectomy 35 μg/L (IQR 20 μg/L), p=0.623) (figure 1D).























 



































 



 

















 







 

 

 



 























FIGURE 1 Plasma CTx and P1NP in patients with pheochromocytoma and controls (A and B). 
Plasma CTx and P1NP in patients with pheochromocytoma before and after adrenalectomy 
(C and D).
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DISCUSSION

This study shows that pheochromocytoma patients have increased bone resorption, 
which normalizes following adrenalectomy. This finding supports the concept of 
regulation of bone remodeling by the SNS in humans. 

Previous experiments in mice have shown that activation or inhibition of the sympathetic 
nervous system influences bone metabolism and that this effect is mediated by the beta-
2 adrenergic receptor on the osteoblast (2). Pharmacological stimulation of the beta-2 
adrenergic receptor increases bone resorption and decreases bone formation leading to a 
low bone mass whereas inhibition of the receptor has the opposite effect (3-6). 
In humans, the beta-2 adrenergic receptor is expressed by bone cells (3;15). Human 
studies on the role of the SNS in bone remodeling have focused primarily on the 
association between fracture risk and the use of beta-blockers. Most beta-blockers are 
selective for the beta-1 adrenergic receptor, which makes it difficult to interpret the 
conclusions from these studies. Some attempts have been made to study the effect of 
beta-agonists on bone remodeling in humans, but the results of these studies were all 
negative. These studies were carried out in patients with chronic obstructive pulmonary 
disease. The negative results are likely explained by the use of beta-2 agonists as 
inhalers which limits the systemic availability necessary to reach bone tissue, the use 
of corticosteroids as co-medication which may have overwhelmed the effect of beta-
2 agonists on bone and finally the severity of the pulmonary disease which may have 
confounded the results (8-10). 
To overcome these objections, we searched for a human model of disease in which 
the beta-2 adrenergic receptor is implicated. Pheochromocytomas produce excess 
catecholamines, capable of stimulating the beta-2 adrenergic receptor. Therefore we 
hypothesized that the catecholamine excess in pheochromocytoma patients could 
stimulate bone turnover in humans, as was confirmed in this study. Adrenalectomy, 
the surgical removal of the catecholamine producing tumor, relieves the catecholamine 
excess and this was indeed accompanied by a normalization of bone resorption. Therefore 
the present study endorses the hypothesis that the sympathetic nervous system exerts a 
control over bone metabolism in humans.

During physiological bone remodeling, bone resorption and bone formation are 
coupled, securing the balance in bone mass. Many pathological bone conditions, such as 
osteoporosis and osteopetrosis, are characterized by uncoupling of bone resorption and 
formation, leading to a loss or gain in bone mass (16). Uncoupling was also observed in 
the adrenergic beta-2 receptor knockout mice (2). In the present study we also observed 
uncoupling of bone formation and resorption, since we found an increase in CTx, the 
bone resorption marker, but no difference in P1NP, the bone formation marker. This 
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suggests that in pheochromocytoma patients, uncoupling of bone resorption and bone 
formation takes place, ultimately leading to a decrease in bone mass. Unfortunately, 
since this was a retrospective study, we were not able to assess the bone mass in these 
patients. For future studies, it would be interesting to assess bone mass changes by 
DEXA scanning in pheochromocytoma patients during disease and following recovery.

A potential limitation of this study is the use of a single marker for bone resorption (CTx) 
and formation (P1NP). Possibly our result could have been strengthened by addition of 
multiple makers. However, CTx and P1NP are recommended as the preferred reference 
markers for bone resorption and formation in clinical studies by the International 
Osteoporosis Foundation and the International Federation of Clinical Chemistry and 
Laboratory Medicine since CTx and P1NP are the most specific for bone compared to 
the other markers and because of the wide availability of an automated assay which has 
been well characterized, enabling comparison among different studies (17). 

We included 126 control patients, yet only 21 cases were collected, 16 of which had 
blood samples taken before and after adrenalectomy. This limitation reflects the rare 
nature of the disease. However, 21 cases yield enough statistical power to conclude that 
there is a difference in bone resorption in cases compared to controls. 

Our data suggest that it is the catecholamine excess resulting in sympathetic 
overstimulation that causes the increase in bone resorption since we have accounted 
for many possible confounding factors such as age, sex, body mass index, smoking 
and medication use. However, we cannot exclude the possibility that there are other 
confounding factors in pheochromocytoma patients we have not accounted for. We have 
tried to minimize this possibility by including control patients from the same screening 
cohort as the pheochromocytoma patients instead of including healthy controls, making 
them as comparable as possible. Of course, future studies in other cohorts will be needed 
to confirm our results.

To summarize, this study supports the concept of sympathetic control of bone remodeling 
in humans by demonstrating an increased bone resorption in pheochromocytoma 
patients which normalizes following adrenalectomy. 
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Association of polymorphisms in the beta-2 adrenergic 

receptor gene with fracture risk and bone mineral density.
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ABSTRACT

Purpose: Signaling through the beta-2 adrenergic receptor (B2AR) on the osteoblast 
influences bone remodeling in rodents. In the B2AR gene, three polymorphisms are 
known to influence receptor function in vitro and in vivo (rs1042713, rs1042714, 
rs1800888). We examined the role of these polymorphisms in the B2AR gene on human 
bone metabolism. 

Methods: We performed nested case-control studies to determine the association of 
these polymorphisms with fracture risk in the Utrecht Cardiovascular Pharmacogenetics 
(UCP) cohort and in three cohorts of the Rotterdam Study. We also determined the 
association of these polymorphisms with bone mineral density (BMD) in the GEFOS 
Consortium. UCP contains drug-dispensing histories from community pharmacies 
linked to national registrations of hospital discharges in the Netherlands. The Rotterdam 
Study is a prospective cohort study investigating demographics and risk factors of 
chronic diseases. GEFOS is a large international collaboration studying the genetics 
of osteoporosis. Fractures were defined by ICD-9 codes 800-829 in the UCP cohort 
(158 cases, 2617 unmatched controls) and by regular X-ray examinations, general 
practitioner and hospital records in the Rotterdam Study (2209 cases, 8559 unmatched 
controls). BMD was measured at the femoral neck and lumbar spine using dual-energy 
X-ray absorptiometry in GEFOS (N=32,961). 

Results: Meta-analysis of the two nested case control studies showed pooled odds ratios 
of 0.98 (0.91-1.05, p=0.52), 1.04 (0.97-1.12, p=0.28) and 1.16 (0.83-1.62, p=0.38) 
for the associations between rs1042713, rs1042714 and rs1800888 per minor allele and 
fractures, respectively. There were no significant associations of the polymorphisms and 
BMD in GEFOS. 

Conclusion: In conclusion, polymorphisms in the beta-2 adrenergic receptor gene are 
not associated with fracture risk or BMD.
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INTRODUCTION

The sympathetic nervous system (SNS) influences bone remodeling in rodents by 
signaling through the beta-2 adrenergic receptor (B2AR) on the osteoblast. Osteoblast-
specific deletion of the B2AR decreased bone resorption and led to an increase in 
bone mineral density [1]. To date, it is uncertain whether this mechanism also exists 
in humans. Retrospective observational studies in humans on the association of beta-
blockers and fracture risk reported conflicting results, yet a recent meta-analysis showed 
a reduction in fracture risk with a relative risk around 0.85 [2]. 

The B2AR is a G-protein coupled receptor (GPCR). Binding of a ligand to the receptor 
leads to activation of the enzyme adenylate cyclase and generation of cyclic adenosine 
monophosphate (cAMP). Ligand binding also leads to phosphorylation of GPCR 
kinases which promotes down regulation of the receptor [3]. The intronless B2AR 
gene is localized on chromosome 5q31-32 and encodes for a protein of 413 amino 
acids. In 1993, the first single nucleotide polymorphism (SNP) in the B2AR gene was 
reported [4] and since then many more SNPs have been identified. Four SNPs are non-
synonymous and three of these are in the coding region of the gene [5] on amino acid 
positions 16 (Arg16Gly; rs1042713), 27 (Gln27Glu; rs1042714) and 164 (Thr164Ile; 
rs1800888). The SNP on position 164 has not been found in humans homozygously 
and has a low minor allele frequency (<5%) [6]. The B2AR gene is highly evolutionary 
conserved, the mouse and human gene are 88% similar (comparison based on amino 
acids) and this also applies to the region surrounding the polymorphisms.

In vitro [7,8] and in vivo [9] experiments have shown that the Thr164Ile polymorphism 
lowers the binding affinity and activation of cAMP, leading to a signaling defect of 
the receptor. For the Arg16Gly and Gln27Glu polymorphisms, the Gly16 variant was 
shown to be more susceptible to agonist-induced down regulation whereas the Glu27 
is more resistant. The Gly16 variant dominates the phenotype when both variants are 
present (reviewed in [10-13]). Clinical research has extensively shown an effect of B2AR 
gene polymorphisms in cardiovascular therapy [14] and asthma [15,16] and there are 
reports of B2AR gene polymorphisms influencing obesity [17], healthy ageing [18], 
bacterial meningitis [19] and Graves’ disease [20].

Since these studies show that the function of the B2AR can be influenced by 
polymorphisms, we hypothesized that these polymorphisms in the B2AR gene could 
also have an effect on bone metabolism. To examine the role of beta-adrenergic signaling 
in human bone metabolism, we investigated the association of these polymorphisms 
in the B2AR gene with fracture risk in the Utrecht Cardiovascular Pharmacogenetics 
(UCP) cohort and the Rotterdam Study cohorts. We also investigated the association 



Chapter 3

28

with bone mineral density (BMD) using the meta-analysis of genome-wide association 
(GWA) data of the GEFOS consortium.

MATERIALS AND METHODS

Study Design
We conducted nested case-control studies to assess the influence of SNPs in the B2AR 
gene on fracture risk in the Utrecht Cardiovascular Pharmacogenetics cohort and the 
Rotterdam Study cohorts (www.epib.nl/research/ergo.htm). In addition, we studied 
the influence of the SNPs in the B2AR gene on bone mineral density using the meta-
analysis of GWA data of the GEFOS consortium (www.gefos.org). 
The study was carried out in accordance with the principles of the Declaration of 
Helsinki. The Institutional Review Boards of the University Medical Center Utrecht 
(UCP) and of the Erasmus Medical Center (Rotterdam Study) in the Netherlands 
granted approval for the study. All subjects provided written informed consent. For the 
GEFOS Consortium, all studies were approved by their respective institutional ethics 
review committees, and all participants provided written informed consent.

Study Populations

1. Utrecht Cardiovascular Pharmacogenetics cohort
Design and population

The Utrecht Cardiovascular Pharmacogenetics cohort enrolled participants from the 
Pharmaco-Morbidity Record Linkage System (PHARMO RLS; Institute for Drug 
Outcome Research, www.pharmo.nl). PHARMO RLS is a registry linking among 
others pharmacy records to hospital discharge records of over 3 million individuals 
in the Netherlands continuously from 1985 onwards. The pharmacy records contain 
information on drugs prescribed, dispensing date, amount of drug dispensed, dose 
regimen and prescription length. Drug prescriptions were coded according to the 
Anatomical Therapeutic Chemical Classification (ATC) and hospital discharge 
diagnoses were coded according to the International Classification of Diseases, Ninth 
Revision, Clinical Modification (ICD-9-CM). Recruitment of subjects in the UCP 
was described previously [21]. Briefly, within all patients with hypertension and/or 
hypercholesterolemia in the PHARMO database all myocardial infarction patients and 
matched controls (1 up to 12 matching for age, sex and area of residence) were selected. 
In addition, a cohort of type 2 diabetes mellitus patients was selected. Community 
pharmacies recruited these subjects and after informed consent DNA and  questionnaire 
information was collected. All patients selected in the context of these studies were 
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used in the final UCP cohort (N=5126), 2775 subjects had complete information on 
the relevant SNPs and medication. Patients were enrolled between 1985 and 2005 and 
median follow-up was 12 years (IQR 10.5-16.3 years).

Genotyping

Participants either collected a buccal cell sample as described previously [22] or 
received an Oragene collection kit (DNA Genotek, Ottawa, Canada). DNA was 
extracted according to the manufacturer’s instructions. Genotyping was performed 
with the Illumina (Illumina Inc. San Diego, CA, USA) IBS Candidate Gene array 
version 3, representing 53831 SNPs [23]. SNPs with a call rate <95%,  related samples, 
contaminated samples and population outliers were excluded using PLINK [24] and 
EIGENSTRAT [25]. 

Case definition

Cases were defined by fracture during follow-up and this was assessed by first hospital 
admission for fracture (ICD-9-CM codes 800 to 829). We distinguished skull (800-
804), vertebra (805-806), rib (807), pelvis (808), clavicula (810), scapula (811), humerus 
(812), arm (813), hand (814-817), hip (820-821), patella (822), leg (823-824), foot 
(825-826) and unspecified (809, 818-819, 827-829) fractures. All other subjects were 
defined as controls.

Determinants

Age was determined at baseline. Medication use was classified as present if used ever 
during follow-up.

2. Rotterdam Study
Design and population

The Rotterdam Study is a prospective, population-based cohort initiated to study the 
determinants of chronic diseases, including osteoporosis. The study design has been 
described previously [26]. Briefly, the cohort included inhabitants 45 years of age 
and over of the Ommoord district in the city of Rotterdam in the Netherlands from 
1990 onwards. To the original cohort (Rotterdam Study-I), two extensions were added 
(Rotterdam Study-II and Rotterdam Study-III) in 2000 and 2006 and the total cohort 
now includes almost 15000 individuals. At baseline a home interview on medical history, 
risk factors for chronic diseases and medication use was taken by trained interviewers and 
subjects underwent a clinical examination, laboratory and radiological investigations in 
a research center and these examinations were repeated every three to four years. Of 
10768 subjects medical information and relevant SNPs were complete and these were 
included in the present analysis,



Chapter 3

30

Genotyping

Rotterdam Study samples were genotyped with the llumina (Illumina Inc. San Diego, 
CA, USA) Infinium HumanHap550 HumanHap610 Beadchips. Participants missing 
DNA or information on body weight and height and samples with gender mismatch 
with typed X-linked markers, excess autosomal heterozygosity >0.336~FDR>0.1%, 
duplicates and/or 1st or 2nd degree relatives using IBS probabilities >97% and ethnic 
outliers using IBS distances > 3SD from PLINK [25] were excluded. SNPs with a call 
rate <97.5% and minor allele frequency <0.01 were excluded. Next, the data were 
imputed with reference to the International HapMap Project [27] (CEU panel release 
22) and SNPs with an imputation quality of R2<0.3 were removed. This resulted in a 
total of 2,448,227 SNPs in Rotterdam Study-I, 2,448,227 SNPs in Rotterdam Study-II 
and 2,448,227 SNPs in Rotterdam Study-III. rs1042713 was directly genotyped, 
rs1042714 (R2 quality score 0.97 in all three cohorts) and rs1800888 (R2 quality 
score ranged from 0.63 to 0.74) were imputed.

Case definition

Cases were defined by fracture during follow-up. Fractures were assessed in the Rotterdam 
Study-I and –II by X-ray examinations (digitalized Fuji FCR system (FUJIFILM 
Medical Systems)) of vertebral bodies, hips, knees and hand/wrist performed during 
the periodic examinations. Incident clinical fractures were obtained from computerized 
records of the general practitioners and hospital registries which were regularly checked 
by research physicians who reviewed and coded the fracture information [26]. In the 
Rotterdam Study-III, fracture was assessed by vertebral fracture assessment using dual-
energy X-ray absorptiometry. All other subjects were defined as controls.

Determinants

Age and medication use was determined at baseline.

3. GEFOS
Design
GEFOS or the GEnetic Factors for OSteoporosis Consortium is a collaboration of 
several international research groups studying the genetics of osteoporosis using meta-
analysis of GWA data with high density SNP arrays. GEFOS has released summary data 
from their 2012 meta-analyses on femoral neck and lumbar spine bone mineral density 
tested in 32,961 subjects included from 17 studies (http://www.gefos.org/?q=content/
data-release). 
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Genotyping
In brief, genotyping and imputation were performed using standard protocols to 
facilitate meta-analysis and quality control was carried out for each study independently. 
An extensive description can be found in [28].

Bone mineral density assessment
Lumbar spine and femoral neck bone mineral density were measured in all cohorts using 
dual-energy X-ray absorptiometry following standard protocols, described in detail in 
[28].

Data analysis
Analyses were performed with SPSS for Windows (version 19.0; SPSS Inc., Chicago, IL) 
for UCP and MACH2DAT [29] run on the GRIMP web-based interface [30] for the 
Rotterdam Study. Differences between cases and controls were tested with a student’s 
t-test. To assess the association between genotypes and fracture risk, logistic regression 
analysis was used. The analysis of the Rotterdam Study was adjusted for age, sex, 
length and weight. To generate adjusted odds ratios in the UCP analysis, we included 
sex as a categorical variable, and age as a categorical variable since the relation with 
fracture risk was non-linear, and medication use as a categorical variable. The following 
medication groups were added to the model: glucocorticoids, bone-modifying drugs, 
anti-depressants, anti-epileptics, benzodiazepines, non-steroidal anti-inflammatory 
drugs, antidiabetics, antihypertensives  (ACE inhibitors, AT2 antagonists, diuretics, 
alpha blockers and calcium antagonists) and beta-blockers. There was no deviation from 
additivity, therefore we used an additive genetic model. To test for haplotype effects 
in the UCP cohort, we used R statistical software for Windows (version 2.15 [31], 
package: Haplostats [32]). Meta-analysis was performed using Review Manager (version 
5.2, Copenhagen: The Nordic Cochrane Centre, The Cochrane Collaboration 2012). 
Inverse variance with fixed effect was used to estimate the pooled odds ratio and the 
95% confidence interval. All tests were two-sided and a p-value of <0.05 was considered 
significant. In GEFOS, genome-wide association analysis for FN- and LS-BMD was 
carried out using sex-specific and age- and weight- and principal component-adjusted 
standardized residuals assuming an additive genetic model [28]. The final data files 
included p-values after meta-analysis using regression coefficients (beta and standard 
error), and after correction for inflation of test statistics using genomic control both at 
the individual study level and again after meta-analysis.

Power calculation
With the present sample size of 2617 controls and 158 cases (ratio 16.6) in the UCP 
Study, odds ratios larger than 1.4 and 3.1 could be detected with 80% power for SNPs 



Chapter 3

32

with minor allele frequencies of 0.37 and 0.01, respectively. In the Rotterdam Study, 
the sample size of 8559 controls and 2209 cases (ratio 3.9) allows odds ratios larger than 
1.1 and 1.53 to be detected with 80% power for SNPs with a MAF of 0.37 or 0.01, 
respectively. For both calculations, a logistic regression model, an additive genetic model 
and a two-sided significance level of 0.05 were used.

RESULTS

Study populations
The UCP cohort consisted of 158 cases and 2617 controls. The Rotterdam Study-I 
included 1575 cases and 4117 controls, Rotterdam Study-II 129 cases and 2021 
controls and Rotterdam Study-III 505 cases and 2421 controls. Characteristics of the 
cases and controls per cohort are shown in table 1. Cases were significantly more likely 
to be female and older compared to controls, as expected. Furthermore, in the UCP 
cohort, cases more often used sleep and antipsychotic medication and non-steroidal 
anti-inflammatory drugs than controls, although absolute numbers of users were small. 
Conversely, controls were prescribed significantly more frequently beta-blockers, other 
antihypertensive and antidiabetic medication. Corticosteroid and bone-modifying drug 
prescriptions were rare among cases and controls. Genotype did not deviate from Hardy-
Weinberg equilibrium. Minor allele frequencies were 0.37 (rs1042713 A allele), 0.45 
(rs1042714 G allele) and 0.01 (rs1800888 T allele) both in the UCP, Rotterdam 
Study and GEFOS, which is in accordance with previously published reports [10].

Beta-2 adrenergic receptor genotype and fracture
In UCP, 158 fractures were recorded, one-third of which were hip fractures, one of the 
major osteoporotic fractures. In the Rotterdam Study-I 1575 fractures were recorded of 
which vertebral fractures accounted for a quarter and wrist and hip fractures combined 
for a third of all fractures. The Rotterdam Study-II contained 129 fractures, a quarter 
of which were wrist and hip fractures and almost 20% vertebral fractures. 550 fractures 
were included in the Rotterdam Study-III, all of which were vertebral fractures (table 2). 

We did not find an association between B2AR genotype and fracture neither in the 
UCP cohort nor in the Rotterdam Study (table 3). In UCP, we adjusted for age, 
sex and medication use and we performed a haplotype analysis since strong linkage 
disequilibrium exists between the SNPs, however the outcome remained the same. In 
UCP, we also analyzed the data as a cohort study, however the fracture relative risks 
using Cox proportional hazard models were similar to the odds ratios. 
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Meta-analysis of the combined nested case control studies estimated a pooled odds 
ratio of 0.98 (95% CI 0.91-1.05, p=0.52), 1.04 (0.97-1.12, p=0.28) and 1.16 
(0.83-1.62, p=0.38) for rs1042713, rs1042714 and rs1800888 per copy of the 
minor allele, respectively (figure 1).

Beta-2 adrenergic receptor genotype and bone mineral density
The GEFOS consortium reported p-values after meta-analysis for FN-BMD 
of 0.924, 0.852 and 0.737 and for LS-BMD of 0.635, 0.364 and 0.346 for 
rs1042713, rs1042714 and rs1800888, respectively.

Figure 1 Forest plots meta-analysis UCP and Rotterdam Study cohorts for polymorphisms in 
the B2AR and fracture.
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Skull - N (%) 6 (4) 56 (3) 2 (1) ND
Vertebrae 8 (5) 509 (25) 30 (18) 505 (100)
Rib 19 (12) 82 (4) 11 (7) ND
Pelvis 5 (3) 61 (3) 4 (2) ND
Clavicula 3 (2) ND ND ND
Scapula 0 ND ND ND
Humerus 4 (3) 149 (7) 10 (6) ND
Arm 14 (9) 138 (7) 10 (6) ND
Wrist ND 329 (16) 26 (16) ND
Hand 9 (6) 127 (6) 20 (12) ND
Hip 54 (34) 355 (17) 16 (10) ND
Patella 6 (4) ND ND ND
Leg 27 (17) 100 (5) 18 (11) ND
Foot 2 (1) 57 (3) 8 (5) ND
Unspecified 1 (1) 90 (4) 12 (7) ND

Specification of fracture types per cohort in number and percentage (ND 
= not determined, RS=Rotterdam Study)

TABLE 2 Fracture type
UCP 

(N=158)

RS-I 

(N=1575)

RS-II 

(N=129)

RS-III 

(N=505)

TABLE 2 Fracture type
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DISCUSSION

In both the Utrecht Cardiovascular Pharmacogenetics and the Rotterdam Study cohorts 
there were no associations of polymorphisms in the beta-2 adrenergic receptor with 
fracture risk. In the GEFOS consortium there was also no association of B2AR alleles 
with bone mineral density.

The B2AR is involved in bone metabolism in rodents. B2AR knockout mice have an 
increased bone mass and treatment with beta-blockers or beta-agonists increases and 
decreases bone mass respectively [1,33-36]. The B2AR gene is highly evolutionary 
conserved, the mouse and human gene are 88% similar (comparison based on amino 
acids) and this also applies to the region surrounding the polymorphisms (http://
genome.ucsc.edu/cgi-bin/hgTracks?db=hg19&position=chr5%3A148206156-
148208197&hgsid=406908755_GVOKV49jJeWv0lNk5TyiXyon0z8p). In humans, 
the role of the B2AR in bone metabolism remains speculative. Epidemiological 
studies investigating the association between beta-blocker treatment and fracture risk 
presented inconclusive results, although a recent meta-analysis showed some fracture 
reduction with beta-blocker treatment [2]. Two recent studies support a role of the 
SNS in the regulation of human bone metabolism. We showed that bone resorption 
is increased in phaeochromocytoma patients and normalized following adrenalectomy 
[37]. Phaeochromocytomas are tumors of the adrenal gland, producing catecholamines, 
the natural ligands of adrenergic receptors. Farr et al showed that sympathetic 
activity, as measured with microneurography, was inversely associated with trabecular 
microstructure and bone strength in women [38]. Although both studies indicated that 
the SNS is involved in the regulation of human bone metabolism, they provided no 
information on the type of adrenergic receptor involved in the signal transduction from 
the SNS to bone cells. In mice, knockout of adrenergic receptors, including beta-1, 
beta-2 [39], beta-3 [40], alpha-2A and -2C [41], results in distinct bone phenotypes, 
but the bone cell-specific effect has only been demonstrated for the B2AR. The type of 
adrenergic receptor involved in human bone metabolism remains largely unknown. Our 
data do not support a critical role for the B2AR. 

Polymorphisms in the B2AR gene are functionally relevant in vitro and in vivo [12] 
in diverse (patho)physiological processes. Mitchell et al examined the genetics of 
heterotopic ossification, a skeletal complication in trauma- and surgery patients and 
identified an increased risk with a polymorphism (rs1042714) in the B2AR gene [42]. 
This suggests an effect of polymorphisms in the B2AR gene on bone metabolism. A 
genome-wide association study on bone mineral density has been performed and the 
identified loci have been tested for an association with fracture risk, but the B2AR gene 
was not identified as a significant contributor in this study [28]. However, this does not 
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completely exclude the possibility that polymorphisms in the B2AR gene are involved 
in bone metabolism. Liu et al clearly showed in a set of elegant theoretical analyses using 
simulation studies that the power to identify certain loci depends among others on the 
number of causal SNPs, the effect size of the SNP and the degree of heterogeneity of 
the studies [43]. Considering that osteoporosis is a multifactorial disease with probably 
many causal SNPs differing in effect size [44] and a considerable amount of heterogeneity 
in the GWAS populations, it remains possible that polymorphisms in the B2AR gene 
play a role in bone metabolism without being identified in a GWAS analysis. Therefore 
candidate gene studies such as ours, based on sound animal experimental evidence, are 
still important to perform and report. 

There are several limitations to this study. Subjects in the UCP cohort had an increased 
cardiovascular risk and many were receiving beta-blockers (79% of controls and 58% of 
cases), which may have blurred an effect of the polymorphisms. Since 90% of the beta-
blockers prescribed were beta-1 selective with a low affinity for the beta-2 adrenergic 
receptor, the effect on the association between polymorphisms and fracture risk is 
probably limited. In addition, the lack of association did not change by adjusting the 
analysis for the use of beta-blockers (table 3). In the UCP cohort, vertebral fractures seem 
underrepresented. This is probably due to the relatively young age of the cohort (mean 58 
years) and the definition of fracture based on hospital discharge code; vertebral fracture 
patients are not routinely admitted to the hospital and mostly treated as outpatients. The 
Rotterdam Study cohorts in contrast, contain many fracture patients diagnosed based 
on interviewing, status reviews and imaging. The follow-up of the Rotterdam Study-I 
comprises over 20 years of follow-up of inhabitants aged >55 years whereas the follow-
up of the Rotterdam Study-II participants started in 2000, this explains the difference 
in fracture rate between these populations. The Rotterdam Study-III population, started 
in 2006 at a younger age of 45, underwent standard X-ray examinations of vertebral 
bodies and thus contains only vertebral fractures, underestimating the true fracture rate. 
However, vertebral fractures are highly representative of osteoporotic fractures and the 
association results for this cohort are not different from the other two cohorts.
Overall, the populations of the UCP and Rotterdam Study were comparable; population-
based prospective cohorts of middle-aged subjects. Therefore, in combination, the two 
cohorts provide a relevant population with an adequate sample size to investigate the 
hypothesis. However, some information on subject characteristics, such as vitamin D 
levels, smoking, BMI, prior fracture and alcoholism, was not fully available in both 
cohorts, and therefore, we could not perform these secondary analyses. In addition, 
medication use was determined at baseline in the Rotterdam Study and with over 20 
years of follow-up, this could be very different at the time of fracture, therefore we 
did not perform a medication-adjusted analysis for the Rotterdam Study. In the UCP 
cohort, medication use was determined as present if used during follow-up, therefore 
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all medication was included. This seems a reliable method for patients suffering from 
chronic diseases such as hypertension, diabetes and epilepsy, which generally are long-
term medication users, but could influence the results for incident medications such 
as sleep medication, known to increase fracture risk. However we did observe a higher 
percentage of sleep medication use in cases and considering the crude and adjusted 
odds ratio’s for the associations between fracture and the polymorphisms, an effect of 
medication does not seem very likely.
The Rotterdam Study included prevalent radiographic vertebral fractures (diagnosed 
at the start of the study, so there is difficulty in defining follow-up time) and incident 
fractures (clinical fractures occurring during the course of the study, but also radiographic 
vertebral fractures at the follow-up visit after 4 to 7 years of which a significant proportion 
are asymptomatic and thus determining the exact time of fracture is impossible). 
Therefore we chose to analyze the data of the Rotterdam Study as a case-control study. 
In addition, application of a Cox proportional hazard model to imputed SNP data 
requires special methods. The UCP cohort included incident fractures, occurring during 
the course of the study with accurate assessment of the fracture date from the hospital 
discharge database. Therefore we re-analyzed the data of the UCP cohort using a Cox 
proportional hazard model, but this did not change the results.
Finally, although we did not observe any effect of polymorphisms in the B2AR gene on 
fracture risk and bone mineral density, this does not exclude the possibility of an effect 
of these polymorphisms through interaction with other, as yet, unknown genes. The 
original studies in mice were performed in one strain of mice, with the same genetic 
background. In humans of course, this is very different and it is difficult to control 
for variations in genetic background possibly affecting the effect of the gene on the 
outcome. We did analyze haplotypes, which could account for some genetic background 
variance, however, this did not change the results. 
Furthermore, according to the GWAS studies on fracture, fracture risk is probably 
poly-genetically determined and thus interaction of the B2AR gene with other genes is 
possible. However, the animal studies showed profound influence on bone remodeling 
by the B2AR itself and we know that the B2AR is highly conserved among humans and 
mice. In addition, we know that polymorphisms in the B2AR by itself influence receptor 
function. Therefore, if the B2AR influences human bone remodeling, we expected at 
least some effect of these polymorphisms on fracture risk and bone mineral density.

During the last decade, several lines of research have shown a role of the beta-2 
adrenergic receptor in bone metabolism in rodents. In humans, there is convincing 
evidence that the sympathetic nervous system influences bone remodeling, although the 
exact mechanism is still unclear. In the present study, we aimed to elucidate the role of 
the beta-2 adrenergic receptor by investigating the effect of polymorphisms on fracture 
risk in two population-based cohorts and on bone mineral density using GWA data, 
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but we did not find an association. For the future, the challenge remains to identify 
the exact pathway from the sympathetic nervous system to bone and to unravel this 
complex mechanism.
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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: 32 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 concentrations 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.



The effects of beta-2 adrenergic agonist and antagonist                                                                                   
on human bone metabolism: a randomized controlled trial.

47

Ch
ap

te
r 4

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 indicated 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 inhalation 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 beta-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 adrenergic receptor modulation has not been studied before. 
Therefore the aim of our study was to determine the effect of a selective beta2-agonist on 
bone turnover in healthy postmenopausal women in a randomized controlled trial. We 
hypothesized that systemic administration of a selective beta2-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.   
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MATERIALS AND METHODS

Study Design and Setting
This multi-arm parallel randomized controlled trial was performed at the Endocrine 
Department 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 treatment using a computer-generated (nQuery Advisor version 
7.0, Statistical Solutions, Cork, Ireland) block randomization list with a block size of 
4. 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
32 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.

Intervention
Subjects (n=8 per group) were randomized to receive treatment with 1] 17-β estradiol 
2 mg daily (Zumenon, Abbott Products BV, Weesp, 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, 
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, parathyroid hormone, 25(OH) vitamin D, bone turnover 
markers, creatinine, and urea. After 4, 8 and 12 weeks subjects filled out questionnaires 
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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 international 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 BioSource, 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 phosphate were measured on a Roche Modular autoanalyzer Cobas 
8000 using standard colorimetric 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.

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 (IQR) 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 
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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 8 per group will have 80% power 
to detect a difference in means of at least 30%, which is the smallest change 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 4 could not be reached by telephone. 38 subjects 
were randomized of which 2 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 4 participants did not receive the allocated 
intervention or did not comply with the assessments (1 subject in the control group and 1 
subject in the 17-β estradiol group withdrew for personal reasons, 1 in the 17-β estradiol 
group refused medication and 1 in the 17-β estradiol combined with beta-agonist group 
was excluded due to corticosteroid use which became known after randomization). 
Table I 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.

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 
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TABLE 1 Baseline characteristics subjects

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 mol/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 ug/L] 45 (9) 56 (14) 55 (11) 52 (13)

All measurements are expressed as mean (standard deviation). Reference ranges and units are provided in square
brackets. No significant differences between groups were observed.

TABLE 1 Baseline characteristics subjects
Control17-B estradiol Propranolol17-B estradiol 

and terbutaline

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 I).
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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 turnover 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 pharmacological 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) compared to placebo, had no effect on P1NP and alkaline phosphatase activity, 
markers of bone formation [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 although serum osteocalcin 
concentration decreased significantly by twenty percent. 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 propranolol (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 phaeochromocytoma 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 microstructure 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 
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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 discrepancy could be the contribution of other adrenergic 
receptors to bone turnover. Although 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 ug/kg), which is the recommended dose for 
systemic 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 3 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 4 weeks 
of treatment, 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 
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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 possible 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

Purpose: Hematopoietic stem cells (HSC) reside in the bone marrow and migrate to 
the circulation to maintain hematopoiesis. In HSC transplantation, granulocyte-colony 
stimulating factor (G-CSF) is administered to force migration of HSC from the bone 
marrow into the circulation for harvest. Both the physiological and the G-CSF induced 
migration of HSC are reported to be under control of the sympathetic nervous system in 
mice. To study this mechanism in humans, we quantified peripheral blood HSC during 
beta-adrenergic agonist and antagonist treatment in healthy, postmenopausal women. 

Methods: This study is an auxiliary study of a randomized controlled trial in which 
32 healthy postmenopausal women were randomized to receive treatment with 17-β 
estradiol 2 mg/day; 17-β estradiol 2 mg/day and terbutaline 5 mg/day (selective beta-2 
adrenergic agonist); propranolol 80 mg/day (non-selective beta-adrenergic antagonist); 
or no treatment during 12 weeks. Main outcome measure of the present study was 
the change in the percentage and absolute number of CD34+ HSC circulating in the 
peripheral blood after 12 weeks compared between the treatment and control groups. 
Data were analyzed with mixed model analysis.

Results: 12 weeks of beta-adrenergic agonist or antagonist treatment did not affect the 
percentage and absolute number of CD34+ HSC in the peripheral blood in healthy 
postmenopausal women.

Conclusion: Physiological migration of CD34+ HSC from the bone marrow into the 
blood is not affected by 12 weeks of beta-adrenergic agonist or antagonist treatment in 
healthy postmenopausal women.
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INTRODUCTION

Hematopoietic stem cells (HSC) reside in the bone marrow. Under physiological 
conditions, HSC enter the circulation in low numbers which is known as HSC 
‘migration’ [1]. The mechanisms regulating homeostatic HSC migration remain largely 
unknown, although recently circadian regulation of HSC migration was reported 
under the influence of the sympathetic nervous system [2]. Hematopoietic stem cell 
transplantation is an important treatment modality for hematologic malignant diseases 
such as leukemia. In most cases, donor HSC are harvested out of the blood. To increase 
the number of HSC in the blood, granulocyte-colony stimulating factor (G-CSF) is 
administered to the patient or donor to mobilize HSC from the bone marrow. The 
exact mechanism of G-CSF induced HSC mobilization is complex and not completely 
unraveled.

Over the last decade, several experiments showed that physiological HSC migration 
and G-CSF induced HSC mobilization depend critically on sympathetic nervous 
system signaling, both directly and indirectly. Katayama et al reported that the effect 
of G-CSF depends on changes in osteoblast morphology induced by noradrenergic 
signaling. These altered osteoblasts down regulate expression of CXCL12 and thereby 
release HSC from the bone marrow. Beta-blocker (propranolol) treatment for 3 weeks 
reduced HSC cell yield following G-CSF administration by >20% in C57/Bl6 mice 
while beta-agonist (clenbuterol) rescued HSC yield following G-CSF administration in 
dopamine beta-hydroxylase knockout mice, unable to synthesize norepinephrine [3]. 
Furthermore, G-CSF induced mobilization was impaired in beta-2 adrenergic receptor 
knockout mice [4]. Lucas et al subsequently elucidated the interaction by G-CSF and 
the sympathetic nervous system; G-CSF decreases reuptake of norepinephrine by the 
sympathetic nerve terminal in the bone marrow, thereby increasing the norepinephrine 
signal. Administration of desipramine, a norepinephrine reuptake inhibitor, together 
with G-CSF increased HSC mobilization in mice [5]. In addition, Spiegel et al 
demonstrated a direct effect of catecholamines on HSC migration. They demonstrated 
that HSC express the beta-2 adrenergic receptor and that in vitro, HSC migration is dose-
dependently stimulated by norepinephrine. In vivo, epinephrine treatment enhanced 
migration of HSC to the peripheral blood [6]. These studies suggest that increased 
sympathetic nervous system activity enhances HSC migration and mobilization and 
that pharmacological interference is possible to increase HSC yields for transplantation. 
This would be a promising adjunctive treatment, however, whether this mechanism also 
exists in humans is not known.

In a previous study, we investigated the effect of beta-antagonist and beta-agonist 
treatment on bone turnover in healthy postmenopausal women [7]. In the present study 
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we investigated in the same trial the effect of beta-antagonist and beta-agonist treatment 
on peripheral blood percentage and absolute number of CD34+ HSC in healthy, 
postmenopausal women. This auxiliary study was prespecified in the original protocol 
of the trial. Due to the design of the trial, the beta-agonist group received combined 
treatment with estradiol. 
We hypothesized that beta-agonist treatment would increase, and beta-antagonist 
treatment would decrease HSC migration.

MATERIALS AND METHODS

Study Design and Setting
This study was a prespecified auxiliary study of a multi-arm parallel randomized 
controlled trial performed at the Endocrine Department of the Academic Medical Center 
of the University of Amsterdam (AMC/UvA) in The Netherlands from May 2010 until 
September 2012 [7]. Subjects were randomly allocated to treatment using a computer-
generated (nQuery Advisor version 7.0, Statistical Solutions, Cork, Ireland) block 
randomization list with a block size of 4. 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
32 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.

Intervention
Subjects (n=8 per group) were randomized to receive treatment with 1] 17-β estradiol 
2 mg daily (Zumenon, Abbott Products BV, Weesp, 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, 
Netherlands) or 4] no treatment during 12 weeks. 
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Measurements
At baseline, the investigators took a complete history, measured weight and height, 
performed electrocardiography and drew venous blood samples after an overnight fast to 
determine peripheral blood CD34+ HSC and leukocyte counts. After 4, 8 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 peripheral 
blood CD34+ HSC and leukocyte counts.

Main outcome
Change in peripheral blood percentage and absolute number of CD34+ hematopoietic 
stem cells after 12 weeks was the main outcome measure. 

CD34+ hematopoietic stem cells 
Peripheral blood was collected in the morning between 7.00 and 9.00 h after an overnight 
fast. Leukocyte counts were assessed by the hospital’s routine diagnostic laboratory. 
Peripheral blood samples were incubated with allophycocyanin (APC)- conjugated 
CD45 and phycoerythrin (PE)- conjugated CD34 (BD Biosciences) for 20 minutes. 
After red cell lysis  (FACS Lysing Solution, BD Biosciences) samples were analyzed by 
acquiring at least 250.000 to a maximum of 1 million events (to improve accuracy), on 
a FACSCanto II (BD Biosciences). The percentage of CD34+ HSC was defined as the 
percentage of CD34-positive, CD45dim cells within the leukocyte fraction. Absolute 
numbers of CD34+ HSC were calculated by multiplying the proportion of CD34-
positive, CD45dim cells with the leukocyte number. These experiments were performed 
at the routine diagnostic laboratory of the department of Hematology at our institute, 
according to the routine CD34 analysis protocols used in stem cell transplantation 
procedures in The Netherlands [8, 9].

Statistical Analysis
Peripheral blood percentage and absolute numbers of CD34+ HSC were ln-transformed 
prior to the statistical analysis and are reported as median and interquartile ranges 
(IQR). To assess the effect of the intervention including all time points, we performed 
a linear mixed model analysis with treatment and visit as categorical fixed effects, a 
random intercept and correction for heteroscedasticity (where appropriate). A two-sided 
P-value of 0.05 was considered significant. In case of a significant treatment and/or visit 
effects, pairwise t-test were carried out with Tukey’s correction for multiple testing. All 
statistical analyses were carried out using R statistical software for Windows (version 
3.03, R Core Team. R: a language and environment for statistical computing 2014, 
package: nonlinear mixed effects (nlme)).
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RESULTS

Subjects
Recruitment yielded 89 responses of which 29 subjects did not meet the inclusion 
criteria, 18 declined to participate and 4 could not be reached by telephone. 38 subjects 
were randomized of which 2 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 4 participants did not receive the allocated 
intervention or did not comply with the assessments (1 subject in the control group and 1 
subject in the 17-β estradiol group withdrew for personal reasons, 1 in the 17-β estradiol 
group refused medication and 1 in the 17-β estradiol combined with beta-agonist group 
was excluded due to corticosteroid use which became known after randomization). 
Table I shows the baseline characteristics of the participants.  At baseline, percentage of 
CD34+ HSC were significantly higher in the 17-β estradiol combined with beta-agonist 
group, despite the randomization. Compliance with study medication was 99% and 
there were no differences between treatment groups. No serious adverse events were 
recorded during the intervention.

CD34+ hematopoietic stem cells
Although the groups were randomized, baseline percentage CD34+ HSC was higher 
in the 17-B estradiol combined with terbutaline group (p=0.02). The distribution of 
percentage and absolute numbers of CD34+ HSC was right skewed and therefore we 
performed an ln-transformation prior to the analysis. Mixed model analysis showed that 
during the treatment period, the difference in percentage of CD34+ HSC between the 
treatment groups persisted, but there was no effect of treatment during the treatment 
period on percentage or absolute numbers of CD34+ HSC (Figure I). 

Number 8 8 8 8
Age 52 (2.9) 52 (2.7) 53 (3.4) 53 (2.9)
Body Mass Index [kg/m2] 26 (3.8) 23 (3.2) 25 (2.5) 25 (2.7)
CD34+ HSC [10^9/L] 0.18 (0.06) 0.20 (0.10) 0.17 (0.07) 0.18 (0.15)
CD34+ HSC [%] 0.0337 (0.0197) 0.0454 (0.0282)* 0.0320 (0.0072) 0.0389 (0.024)
Leukocytes [10^9/L] 5.35 (3.3) 4.8 (8.3) 5.0 (1.6) 5.0 (1.5)

TABLE 1 Baseline characteristics subjects
17-B estradiol 17-B estradiol 

and terbutaline
Propranolol Control

Age and BMI measurements are expressed as mean (standard deviation). CD34+ HSC and leukocyte are
expressed as median (IQrange). Units are provided in square brackets. HCS=hematopoietic stem cell. *
significantly different (p=0.02)

TABLE 1 Baseline characteristics subjects
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Figure I Percentage and absolute numbers of CD34+ HSC at baseline and after 12 weeks per 
treatment group.
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DISCUSSION

In this study, we did not observe a change in percentage or absolute numbers of CD34+ 
hematopoietic stem cells in the peripheral blood after 12 weeks of beta-antagonist or 
beta-agonist treatment in healthy, postmenopausal women.

In animal studies, the presence of sympathetic nerve fibers connecting to the central 
nervous system and detectable catecholamine concentrations in the bone marrow 
have been established [8-10]. More recently, beta-2 adrenergic receptors on human 
hematopoietic stem cells were shown to be present and involved in HSC migration as 
noradrenaline dose-dependently increased HSC migration in vitro [6]. In mice, beta-
agonist treatment increased and beta-blocker treatment decreased HSC yields in G-CSF 
induced mobilization in vivo [3]. Furthermore, physiological HSC migration follows a 
circadian pattern, under control of the sympathetic nervous system [2].

Fitch et al showed that the association of the SNS and HSC starts as early as embryogenesis 
by investigating GATA3 deficient mice. GATA3 is a transcription factor crucial for both 
SNS development and HSC emergence in the embryo. In GATA3 deficient mice the 
hematopoietic defect could be rescued by the addition of catecholamines, whereas the 
SNS defect could not be rescued [11]. 
The relation between SNS and HSC is important, in particular during states of injury. 
This was illustrated by a study showing that sympathetic denervation or neurotoxic 
chemotherapy-induced damage to the sympathetic nerves in the bone marrow 
compromised HSC mobilization and hematopoietic regeneration which was rescued by 
the administration of neuroprotective agents [12]. Furthermore, following hemorrhagic 
shock or ischemic injury, catecholamine concentrations in the bone marrow are increased, 
leading to increased HSC migration. Recalde et al showed that this postischemic HSC 
migration was enhanced by noradrenalin and clenbuterol administration [13]. This repair 
mechanism can also lead to prolonged bone marrow depression, Barabski et al showed 
that this can be prevented by the administration of beta-blockers before or shortly after 
the hemorrhage [14]. Finally, recent reports suggest bone marrow neuronal damage 
could be involved in the pathogenesis of myeloproliferative neoplasms, implicating 
potential treatment options by SNS manipulation [15].

In humans, the relation between the SNS and HSC migration and mobilization has less 
well been characterized. Iversen et al compared the HSC counts in peripheral blood in 
patients with spinal cord injury which includes SNS damage and control patients, but 
did not find any difference although the differentiation capacity of the HSC from spinal 
cord injury patients was less [16]. This supports our finding of no effect on HSC counts 
after pharmacological manipulation of sympathetic tone. Another study in humans 
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by Albiero et al investigated HSC mobilization in diabetic neuropathy and found 
that patients with neuropathy, had lower HSC counts in the peripheral blood [17]. 
However, the decrease in HSC counts was observed only in patients with more extensive 
neuropathy with two tests of autonomic function impaired, which might explain the 
incongruence with our finding.  

So far, our study is the first to investigate the effect of beta-adrenergic agonist and 
antagonist treatment on HSC migration in healthy human subjects. We did not find 
any effect on HSC migration of twelve weeks of treatment with propranolol, a non-
selective beta-blocker and terbutaline, a selective beta-2 agonist. A possible explanation 
for the lack of effect of terbutaline could be its beta-2 specificity. Although the osteoblast 
expresses the beta-2 AR and the effect of the SNS on HSC migration is considered 
to be, at least partially, mediated by the osteoblast, the HSC itself expresses the beta-
3 adrenergic receptor, so any direct effect would have been missed with terbutaline 
treatment. In addition, the results can be masked by the combination of the terbutaline 
treatment with estradiol due to the design of the original trial. Effects of estradiol on 
HSC function have been described [18], but we included as a control group an estradiol 
monotherapy group and did not find any effect of estradiol alone on percentage or 
absolute numbers of CD34+ HSC. Therefore the combination of estradiol with 
terbutaline does not seem to explain the lack of effect. Furthermore, HSC migration is 
subject to circadian variation. During the resting time migration to the peripheral blood 
increases and during the active time of the organism, the migration is decreased [2]. We 
standardized the blood sampling in time, so circadian variation cannot have influenced 
our results. On the other hand, blood samples were taken early in the morning, when 
HSC migration is at its lowest [19], potentially masking the effect of our pharmacological 
treatment which could be more pronounced at other times of the day.

In conclusion, we did not find an effect on percentage or absolute numbers of CD34+ 
HSC in peripheral blood after 12 weeks of beta-adrenergic antagonist and agonist 
treatment in healthy postmenopausal women.  From a clinical perspective, although 
this finding does not support the addition of beta-agonist treatment prior to HSC 
transplantation, it does not exclude the possible adjunctive role during treatment with 
G-CSF for HSC mobilization. This would be an interesting subject for further research.
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Short-term effect of estrogen on human bone marrow fat.
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ABSTRACT 

Bone marrow fat, a 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 regulation 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 10 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 non-significant 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 6 
consecutive weeks in 6 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 telopeptides 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. 
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INTRODUCTION

Bone marrow fat is functionally distinct from and not subject to the same regulation 
as subcutaneous 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) 

While 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 been investigated. (11-13) A reciprocal relation between marrow adiposity 
and the amount of bone was observed in women aged 15-20 at baseline and after 18-24 
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 non-diabetic (n=5) and decreased in diabetic subjects (n=6).(13) In this 
present study we determined short-term changes, i.e. within 2-4 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 premenopausal 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 
administration on bone marrow fat in estrogen deficient postmenopausal women. 
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MATERIALS AND METHODS

Subjects 
First we included healthy female subjects aged 18-50 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. Postmenopausal status was confirmed by an elevated follicle 
stimulating-hormone (FSH) concentration (> 20 E/L) and 17-β estradiol level below 
the detection limit (0.04 nmol/L). Exclusion criteria for participation were contra-
indications 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 4 consecutive weeks (8 times in 
total) and the postmenopausal subjects once a week for 6 consecutive weeks (7 times in 
total). During this study period vertebral (L3-5) fat fraction and serum concentrations 
of FSH, LH, progesterone, 17-β estradiol, 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 postmenopausal subjects received no intervention day 0 
to day 14, received oral 17-β estradiol administration 2 mg daily (Zumenon, Abbott 
Products BV, Weesp, Netherlands) day 14 to day 28 and again no treatment 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. 
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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: TR 2500 ms, TE 22.3 ms, slice thickness 4 mm, matrix 256x256, NEX 
1, FOV 350x350 mm2, resulting in an acquisition time of 21 min 20 s. A single slice 
was measured, which was positioned 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 field-of-view surface coil (the “small flex 
coil”) flattened 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.(15) In the water only image, the contours of L3, L4 and L5 
were manually drawn. The interior of these contours was subjected to four erosion 
operations, resulting in the regions of interest, which were used to calculate the average 
fat signal fraction in the three vertebrae. Details of the procedure are illustrated in Figure 
1. Further details on the acquisition and post-processing 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 underwent QCSI bone marrow fat 
fraction measurements on three different occasions. The coefficient of variation was 
computed as the ratio of the average standard deviation and the average mean.

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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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, Stillwater, MN, USA). 17-β-estradiol was measured 
by radioimmunoassay (Siemens, Breda, the Netherlands). Hematologic parameters were 
measured on a Sysmex XE 500 (Sysmex Corporation, Kobo, Japan). Serum concentrations 
of CTx and P1NP were measured using an immunoassay (Modular Analytics E 170; 
Roche Diagnostics; and Orion Diagnostica, Espoo, Finland, respectively). 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 and 9:00 h after an overnight fast.

Statistical analysis
The statistical analysis was carried out with SPSS for Windows (version 22.0; SPSS Inc., 
Chicago, IL, 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 E/L). To 
determine the effect of time on BM 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 between 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. 
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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.   

RESULTS

Vertebral bone marrow fat fraction and the menstrual cycle
We included 10 subjects with a regular menstrual cycle with a median cycle length of 
28 (range 24-30) days (Table 1). None of the subjects smoked or used more than 7 
units of alcohol per week. One subject used a low-dose SSRI for obsessive compulsive 
disorder. All subjects had glucose, calcium, phosphate, alkaline phosphatase and PTH 
concentrations within the reference range. Median 25-hydroxyvitamin D concentration 
was 58 (range 34-112) 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 non-significant 
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).

TABLE 1 Characteristics of women with a regular menstrual cycle

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
7 29 22.4 0.42 -0,7 -0,4
8 33 19.4 0.31 -0,3 0
9 38 18.9 0.24 2,1 0,8
10 46 24.9 0.40 1,8 0,1

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

TABLE 1 Characteristics of women with a regular menstrual cycle

Subject Age (years)
BMI 

(kg/m2)
Fat fraction

BMD spine 
(Z-score)

BMD FN 
(Z-score)



Chapter 6

78

      














  


 





 






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).

Vertebral bone marrow fat fraction and 17β-estradiol administration
We included 6 healthy postmenopausal women with a median time since the last 
menstrual cycle of 4.5 (range 3-10) years  (Table 2). Serum concentrations of 17-β 
estradiol increased 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 7 units of alcohol per week. All subjects had glucose, 
calcium, phosphate, alkaline phosphatase and PTH concentrations within the reference 
range. Median 25-hydroxyvitamin D concentration was 57 (range 40-95) 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-
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 BM fat fraction did not return to baseline 
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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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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). 

TABLE 2 Characteristics of postmenopausal women

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

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

TABLE 2 Characteristics of postmenopausal women

Subject Age (years)
Years since 
menopause

BMI 
(kg/m2)

Fat fraction BMD spine 
(T-score)

BMD FN 
(T-score)

















 




   

 

 




 






 





 

 


 


 




Figure 4 Serum concentrations of 17-β estradiol (nmol/L), FSH (E/L) and LH (E/L) before, 
during and after 17-β estradiol administration (mean±SD).
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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). 
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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 demonstrated for the first time that 17-β estradiol rapidly decreases the bone marrow 
fat fraction in postmenopausal 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 BM fat indicate a change in adipocyte number, size or both. The 
marrow cavity houses a complex environment of several cell populations, including 
hematopoietic 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) Since 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 determining mesenchymal stem cell faith. 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 mesenchymal stem cell. A recent study also showed that 
estrogen suppresses the murine ‘osteo-adipogenic transdifferentiation’, the ability of a 
fully differentiated 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. 

While 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 
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been identified in cells of the osteoblast lineage,(23) as well as mesenchymal stem cells.(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. Hannon et al. also observed increased P1NP concentrations after one 
week of hormone replacement therapy.(25) 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 BM 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 BM 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 faith, 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 contributes to the increase in bone marrow adiposity seen in these 
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patients. In line with this concept, increased lumbar bone marrow fat is seen in anorexia 
nervosa subjects with amenorrhea 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 measurement is 6%, detection of significant changes of 
1-2% would have required a larger sample size. The size of the effect of 17-β estradiol on 
the bone marrow fat fraction in postmenopausal women was well above the coefficient 
of variation. Although we included only 6 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.

To determine the vertebral BM 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 reflects 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 
BM adipocytes. Therefore, it remains to be determined whether the changes in BM fat 
fraction are related to changes in adipocyte 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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Chapter 7
Bone as a regulator of glucose metabolism.
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ABSTRACT

For a long time the only functions attributed to the skeleton were locomotion and calcium 
storage. Over the last decade, this view has changed. Genetic studies in mice have shown 
that bone metabolism is regulated by the autonomic nervous system and interacts with 
energy metabolism and reproduction. Osteocalcin, one of the main organic ingredients 
of the bone matrix, was discovered to stimulate insulin production by the pancreas, 
as well as energy expenditure and insulin sensitivity. Administration of recombinant 
osteocalcin to mice on a high fat diet decreased weight gain and insulin resistance. 
These unanticipated results stimulated studies on osteocalcin and glucose metabolism 
in humans. This review will discuss these clinical studies and their perspective for the 
future.
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INTRODUCTION

For a long time the only functions attributed to the skeleton were locomotion and 
calcium storage. Over the last decade, this view has changed. Genetic studies in mice 
have shown that bone metabolism is regulated by the autonomic nervous system and 
interacts with energy metabolism and reproduction (reviewed in (1-5)). This review will 
focus on the interaction between bone metabolism and glucose metabolism and will 
highlight animal experimental research with potential towards clinical application.

Insulin and bone
It is well recognized that diabetes patients have an increased fracture risk. However, bone 
mineral density is affected differently in diabetes type 1 and 2 patients (6). Diabetes 
mellitus type 1 (DM1) patients have a lower bone mineral density (7) whereas diabetes 
mellitus type 2 (DM2) patients have a higher bone mass than healthy individuals (8). 
The mechanisms for these differences are not completely understood, but one of the 
hypotheses is that insulin is an anabolic factor for bone. As a consequence, DM1 patients, 
with a lack of insulin, do not attain their peak bone mass which leads to lower bone 
mineral density and a higher risk of fracture while DM2 patients are hyperinsulinemic 
which stimulates bone accrual. This hypothesis has been strengthened by in vitro 
experiments showing that osteoblasts express the insulin receptor and addition of insulin 
to osteoblast cultures promotes survival (9) and collagen synthesis (10).  Although the 
bone mineral density is increased in DMT2 patients, the quality of the bone is probably 
lower, possibly due to the hyperglycaemia, leading to an increase in fracture risk (11). 
Furthermore, the risk of falls promoting fracture is increased especially in DM2 patients 
resulting among others from medication use, hypoglycaemic episodes and gait instability 
because of neuropathy and visual impairment (12). 

Bone and insulin
Karsenty et al. were the first to hypothesize that bone exerts a reciprocal influence 
on insulin metabolism. They reasoned that the skeleton is a very large organ and its 
maintenance consumes vast amounts of energy, making a link between the skeleton 
and energy supply plausible. By screening for bone-specific genes and subsequently 
generating knockout mice of these genes to study the metabolic phenotypes, osteocalcin 
and embryonic stem cell phosphatase (Esp) became likely candidate genes involved in 
energy metabolism (13-15). Osteocalcin is one of the main organic ingredients of the 
bone matrix and exists in an undercarboxylated and carboxylated form. Carboxylation 
of its glutamic acid residues increases its affinity for hydroxyapatite, facilitating its 
engraftment in the bone matrix. Osteocalcin knockout mice, which have been studied 
before in the context of bone metabolism, turned out to be obese and poor breeders. 
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Metabolically, these mice exhibited hyperglycaemia, low insulin levels, low beta cell mass, 
low insulin sensitivity and low energy expenditure. The phenotype of heterozygous Esp 
knockout mice posed a mirror image of the osteocalcin knockout mice.  Esp encodes 
the enzyme osteotesticular protein tyrosine phosphatase (OST-PTP), Esp is expressed 
solely in osteoblasts and Sertoli cells and OST-PTP inactivates the insulin receptor in 
the osteoblast. Therefore in Esp knockout mice the insulin receptor in the osteoblast 
is constitutively active. Esp knockout mice had increased osteocalcin concentrations, 
were lean with high energy expenditure, and had increased glucose tolerance and insulin 
sensitivity.  At the same time, the research group of Clemens reported the phenotype 
of the osteoblast-specific insulin receptor knockout mouse which turned out to be 
osteopenic with low osteocalcin serum concentrations, obese and insulin resistant (16).
Further investigations (17-21) into the relation between osteocalcin, OST-PTP and 
glucose metabolism showed that insulin, upon binding to the insulin receptor on 
the osteoblast, promotes osteocalcin gene expression and decreases the expression of 
the gene osteoprotegerin (OPG). OPG normally impedes osteoclast differentiation; 
therefore, insulin signalling on the osteoblast stimulates bone resorption by the 
osteoclast. During bone resorption, osteoclasts create an acidic environment to 
dissolve bone matrix. Osteocalcin is released from the bone matrix and because of the 
low pH, the glutamic acid residues on osteocalcin become decarboxylated and the 
concentration of undercarboxylated osteocalcin in the circulation rises. Finally, binding 
of undercarboxylated osteocalcin to the receptor GPCR6a on the pancreatic beta cell, 
stimulates insulin secretion (depicted in figure 1).
Infusion of recombinant osteocalcin into wild-type mice indeed improved glucose 
tolerance and increased insulin secretion. Furthermore, when infused in mice on a high 
fat diet, osteocalcin reduced weight gain and insulin resistance (22;23).

Thus, the ratio of undercarboxylated and carboxylated osteocalcin is determined by 
osteoclastic bone resorption and vitamin K availability. Osteotesticular protein tyrosine 
phosphatase inactivates the insulin receptor and terminates the feedforward loop.
OST-PTP osteotesticular protein tyrosine phosphatase, cOC carboxylated osteocalcin, 
ucOC undercarboxylated osteocalcin, OPG osteoprotegerin.

Clinical studies
Glucose metabolism

Following the discovery of osteocalcin as a regulator of glucose metabolism in mice, many 
researchers started reporting on the association between osteocalcin levels and measures 
of glucose metabolism in humans. Since osteocalcin deficient mice are hyperglycaemic, 
it was expected that humans with lower osteocalcin levels would have higher indices 
of glucose metabolism, such as fasting plasma glucose, insulin and HOMA index. 
Several studies indeed confirmed this inverse relation in postmenopausal women (24), 
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obese patients (25), men (26-28) and older patients (29). In addition, a compensatory 
increase in osteocalcin was shown in prediabetes (30) and lower osteocalcin predicted 
the development of diabetes over ten years of follow-up in men with an increased risk of 
diabetes (31). Additional studies showed the same inverse relation between osteocalcin 
and the metabolic syndrome (32-34), coronary atherosclerosis (35), fat mass and intima-
media thickness (36) and non alcoholic fatty liver disease (37). 
From these studies, there seems to be an association between osteocalcin and glucose or 
insulin metabolism which is compatible with the mouse models. However, in all of the 
reported studies, total osteocalcin was measured and in the studies that measured both 
total and undercarboxylated osteocalcin the relation was observed for total osteocalcin 
only, whereas the studies in mice centered on undercarboxylated osteocalcin. To solve this 
inconsistency, it would be necessary to prospectively evaluate the effect of osteocalcin on 
glucose metabolism in an intervention study. However administration of recombinant 
osteocalcin to humans has not been reported yet.

Figure 1 Model of action of insulin and osteocalcin
Insulin activates the insulin receptor on the osteoblast and this stimulates production 
of osteocalcin. After vitamin K dependent carboxylation, carboxylated osteocalcin is 
incorporated into the bone matrix by the osteoblast. Furthermore, activation of the insulin 
receptor reduces the production of osteoprotegerin leading to an increase in osteoclastic 
bone resorption. The acidic pH in the resorption pit resolves the bone matrix and 
uncarboxylates osteocalcin. Undercarboxylated osteocalcin is released into the circulation 
and stimulates insulin production by the pancreas. 
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Bone metabolism
Another approach is to investigate the effects of interventions in bone metabolism which 
affect osteocalcin concentrations on glucose metabolism. It was expected that a decrease 
in undercarboxylated osteocalcin as observed during bisphosphonates treatment, would 
have a negative effect on glucose homeostasis. And vice versa, that treatment with 
parathyroid (PTH) hormone, increasing bone formation and osteocalcin concentrations, 
would protect against glucose metabolism derangements. But no difference in fasting 
glucose or the glucose/insulin ration was observed comparing patients treated with 
alendronate or PTH, although the osteocalcin concentrations changed several-fold 
(38). Contrary to the hypothesis, bisphosphonates users had a lower risk of diabetes 
compared to matched controls with a dose-response effect (39). In addition three 
large, randomized, placebocontrolled trials of alendronate (FIT trial), zoledronic acid 
(HORIZON-PFT) and denosumab (FREEDOM) showed no effect on fasting glucose, 
body weight or diabetes incidence (40).

Vitamin K metabolism

Another possible interventional approach to modulate osteocalcin concentrations comes 
from vitamin K metabolism. Vitamin K is essential for the carboxylation of glutamic 
acid residues in several proteins, including osteocalcin. Vitamin K deficiency increases 
undercarboxylated osteocalcin and supplementation of vitamin K reverses this effect 
(41). Therefore, supplementation of vitamin K was expected to have a negative effect 
on glucose metabolism. Several randomized controlled trials demonstrated that vitamin 
K supplementation decreased undercarboxylated osteocalcin, but the effect on glucose 
metabolism varied from an increase in insulin sensitivity in younger men (42), no effect 
on glucose metabolism in women (43;44), to an increase in insulin concentrations in 
older men (43).

Osteoid osteoma

Finally, a recent case report on osteoid osteoma patients was considered a proof 
of principle of the action of osteocalcin in humans. Osteoid osteoma is a benign 
osteoblastic tumour shown to secrete osteocalcin (45). Two young male patients, who 
had this tumour removed, were compared with two matched patients undergoing knee 
surgery and with three healthy controls. Surgical resection of the tumour was followed 
by a decrease in serum total osteocalcin accompanied by an increase in serum glucose 
and insulin, representing some degree of insulin resistance in the osteoma patients but 
not in the two control groups. Undercarboxylated osteocalcin concentrations were not 
reported.
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CONCLUSION AND DISCUSSION

The association of diabetes with impaired bone metabolism has been longstanding. 
Strong evidence from experimental studies in genetically modified mice indicates that 
the bone derived hormone osteocalcin interacts with glucose and insulin secretion and 
possibly insulin action. This led to the proposal of the bone-pancreas endocrine axis and 
spurred a wealth of studies investigating the mechanism in humans. So far, many post-
hoc analyses of observational studies confirmed the inverse relation between osteocalcin 
and parameters of glucose and insulin metabolism. However, only a few studies measured 
the undercarboxylated form of osteocalcin which is known to be the hormonally active 
form in mice. Furthermore the inverse relation between osteocalcin and glucose was 
not observed in several interventional studies. Since observational studies do not prove 
causality and the interventional studies do not support the hypothesis, the question 
remains whether osteocalcin has the same role in the regulation of energy metabolism 
in mice as in humans. 
One of the possible explanations for the difference in mice and humans could be a 
genetic difference; humans have only one osteocalcin gene whereas mice have three. The 
protein sequence is conserved for 60% in mice compared to humans. In humans, the 
promoter of the osteocalcin gene is upregulated by vitamin D whereas the mouse gene 
is downregulated (reviewed in (46)). Another explanation concerns the mouse model 
used in these experiments; knockout mice have a total lack of osteocalcin, whereas in 
human physiology osteocalcin levels may vary, but will never be completely absent. 
This will probably make it more difficult to pick up subtle effects. On top of this, 
serum osteocalcin exhibits diurnal variation and is increased during growth and skeletal 
maturation, aging and menopause (47;48) which could influence the associations 
obtained in cross-sectional research designs.
Furthermore the role of vitamin K should be considered. Since the bone-pancreas axis is 
controlled by osteocalcin released from the bone and decarboxylated by the acidification 
of osteoclasts, the vitamin K dependent carboxylation in the circulation could influence 
the feedback loop. In humans the percentage of undercarboxylated circulating osteocalcin 
is supposed to be a marker of vitamin K intake and most studies did not take into 
account vitamin K concentrations or intake (46;48). This is also an important limitation 
of the osteocalcin infusion studies in mice, since any clinically relevant change should 
be compared to the changes in concentrations with vitamin K intake. In addition, the 
measurement of osteocalcin and its carboxylated and undercarboxylated form is still a 
challenge and the interpretation could bias the results (49;50). 
Therefore the question remains whether changes in osteocalcin mediate an effect on 
glucose metabolism or, the other way around, whether rising glucose concentrations 
and changing insulin concentrations in diabetes affect bone metabolism by influencing 
osteocalcin concentration. The evidence from the current studies is inconclusive to 
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answer this question definitively. Finally an enticing question is whether it is ‘just’ 
osteocalcin and glucose metabolism or whether there are additional bone hormones 
which could influence not only glucose but also other processes of energy metabolism.
Notwithstanding these limitations, the unravelling of a new endocrine axis involving 
bone and glucose metabolism is very exciting and the prospect of novel therapeutic 
options for the treatment of obesity and diabetes is worth the effort.
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SUMMARY AND DISCUSSION

In the first part of this thesis we investigated the role of the sympathetic nervous system 
in human bone metabolism and hematopoiesis and in the second part we investigated 
the hormonal control of bone and bone marrow. Chapter 1 presents an introduction 
to human bone metabolism, bone marrow physiology and the sympathetic nervous 
system. 

To study the role of the sympathetic nervous system in human bone metabolism and 
hematopoiesis, we used three different approaches:  a clinical approach (chapter 2), a 
genetic approach (chapter 3), and a pharmacological approach (chapter 4 and 5). 

In chapter 2 we compared bone turnover markers in pheochromocytoma and control 
patients. A pheochromocytoma is a catecholamine-secreting tumor of the adrenal 
gland. Catecholamines are the neurotransmitters of the sympathetic nervous system; 
therefore pheochromocytoma can serve as a model of sympathetic overstimulation. 
Adrenalectomy (removal of the affected adrenal gland) is the recommended therapy for 
pheochromocytoma patients and, if successful, normalizes catecholamine concentrations. 
We showed that CTx, a bone resorption marker, is increased in pheochromocytoma 
patients and we showed that CTx concentrations return to normal following 
adrenalectomy. We conclude that excess of catecholamines increase bone resorption 
suggesting that the sympathetic nervous system influences human bone metabolism. 
Since the source of the catecholamines in this study was the adrenal gland and not the 
sympathetic nervous system, the physiological role of the sympathetic nervous system in 
bone metabolism remains to be determined. In addition, it is as yet unknown whether 
this change in bone turnover markers is clinically relevant, i.e., leading to changes in 
bone mineral density and fracture risk.

In chapter 3 we determined the association between polymorphisms in the beta-2 
adrenergic receptor and fracture risk in two large, Dutch cohorts and we determined 
the association between these polymorphisms and bone mineral density in a large 
international consortium.  A single nucleotide polymorphism is a DNA sequence 
variation occurring commonly (>1%) within a population, in which a single nucleotide 
differs between two alleles. When this results in a change in amino acids, it is called 
a nonsynonymous SNP. In the beta-2 adrenergic receptor (B2AR) gene, several 
polymorphisms exist and three are nonsynonymous. Previous research has shown these 
three polymorphisms to result in clinically relevant changes in receptor function. We 
did not find an association between these polymorphisms with fracture risk or bone 
mineral density. This lack of association could mean that either the B2AR is not 
involved in human bone metabolism, or that the polymorphisms in the B2AR gene do 
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not significantly influence receptor function in bone metabolism, or that fracture risk 
and bone mineral density are not reflecting the changes in bone metabolism induced 
by B2AR function. Whichever of these explanations are true remains to be investigated.

In chapter 4 we conducted a randomized controlled trial to investigate the effects of a 
beta-adrenergic agonist and an antagonist on bone turnover in healthy postmenopausal 
women. Beta-adrenergic agonists mimic increased sympathetic signaling in target 
tissues by binding and activating adrenergic receptors. Beta-adrenergic antagonists 
compete with neurotransmitters to bind with the beta-adrenergic receptor, but instead 
of activating the receptor, they deactivate the receptor. We hypothesized that beta-
adrenergic agonists would increase bone turnover whereas antagonists would decrease 
bone turnover, but the study did not show any effect of these medications on bone 
turnover. In this study, we used propranolol to block the beta-2 adrenergic receptor. 
Since propranolol is a non-selective beta-blocker, it also blocks the beta-1 adrenergic 
receptor. Studies in mice have shown that beta-1 adrenergic receptor knockout mice 
have a lower bone mass than wildtype mice and combined beta-1 and -2 adrenergic 
receptor knockout mice show the same [1]. Therefore targeting both the beta-1 and -2 
receptor by propranolol could explain the lack of effect on bone turnover. Unfortunately, 
a beta-2 adrenergic antagonist does not exist for human use. We used terbutaline, a beta-
2 adrenergic agonist and this has shown in mice to increase bone turnover although 
these studies used supraphysiological doses [2], which is impossible to do in human 
research. Although we cannot conclude from this study whether or not sympathetic 
control of bone metabolism exists, this study does show the difficulty of specifically 
targeting the sympathetic nervous system in bone and therefore this is not a feasible 
therapeutic option to treat human bone disease.

As a prespecified substudy to the study described in chapter 4, we studied in chapter 5 the 
effects of a beta-adrenergic agonist and antagonist on circulating CD34+ hematopoietic 
stem cells. Hematopoietic stem cells reside in the bone marrow and migrate to the 
circulation to maintain hematopoiesis. This migration is among others regulated by 
the sympathetic nervous system. We hypothesized that beta-adrenergic agonists or 
antagonists could be used to influence hematopoietic stem cell migration. However, we 
did not find any effect on circulating hematopoietic stem cell numbers during the beta-
adrenergic agonist or antagonist treatment. 
During hematopoietic stem cell transplantation, the hematopoietic stem cell migration 
is pharmacologically enhanced by G-CSF and recently, G-CSF was found to target the 
beta-adrenergic receptor pathway as well [3]. This opens up the possibility that beta-
adrenergic treatment could be a synergistic treatment to G-CSF, but this remains to be 
investigated. 
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In the second part of this thesis, we studied the role of two hormones in bone and bone 
marrow metabolism, i.e., estrogen and insulin. 

Estrogen has long been recognized as an important hormone controlling bone 
metabolism. Its role in bone marrow physiology in contrast, is unknown. Bone marrow 
consists of hematopoietic marrow and adipose marrow. During aging, caloric restriction 
and diseases such as osteoporosis, the amount of adipose bone marrow increases. 
These states are all accompanied by decreasing estrogen concentrations. Therefore 
we hypothesized that estrogen could be a regulator of adipose bone marrow. Adipose 
marrow used to be measured by bone biopsies, but nowadays magnetic resonance 
imaging (MRI) techniques offer a validated, noninvasive approach. In chapter 6, we 
investigated the variation in adipose bone marrow measured by quantitative chemical 
shift imaging (QCSI) MRI during the menstrual cycle in healthy women.  We observed 
an increase in the fat fraction during the follicular phase and a decrease during the luteal 
phase. To show that this variation in adipose bone marrow is mediated by estrogen, 
we measured adipose bone marrow with QCSI MRI before, during, and after two 
weeks of estrogen therapy in postmenopausal women. Indeed, in all women adipose 
bone marrow decreased during estrogen treatment and normalized after cessation. This 
study clearly shows that estrogen can regulate adipose bone marrow in the short term. 
The mechanism of this regulation remains to be determined, as well as its potential 
pathophysiological role.
  
Insulin is a major anabolic hormone and it is well recognized that diabetes patients have 
an increased fracture risk. Recently, it was proposed that bone metabolism, through the 
secretion of osteocalcin, can also influence insulin secretion and glucose metabolism. In 
chapter 7 we reviewed the evidence concerning the regulation of glucose metabolism by 
bone from a clinical perspective. We concluded that the observational evidence seems 
promising, but that the interventional data do not completely support this hypothesis. 
Especially vitamin K levels and the carboxylation status of osteocalcin could have biased 
the results. Notwithstanding, the hypothesis is exciting considering the burden of 
obesity and diabetes and therefore we believe further studies are worthwhile.

GENERAL DISCUSSION

The ob/ob (obese) mouse is a naturally occurring mutant, which lacks the gene encoding 
the hormone leptin [4, 5]. The most striking feature of this mouse is its profound obesity 
caused by hyperphagia and its hypogonadotropic hypogonadism. For these reasons, it 
was expected to have a low bone mass. But when its bones were actually examined 
by the Karsenty group, it turned out to have a high bone mass [6]. Subsequently, it 
was discovered that leptin signals in the brainstem to decrease serotonin production 
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which increases sympathetic signaling via the ventromedial hypothalamus. This signal is 
mediated to the osteoblast via the beta-2 adrenergic receptor, inducing decreased bone 
formation and increased RANK-L production and thereby increased bone resorption [7, 
8]. So ultimately, leptin signaling decreases bone mass via sympathetic nervous system 
signaling to bone and thus the ob/ob mouse, lacking leptin, has a high bone mass. 
The overall hypothesis from this group is that bone remodeling, extremely important for 
vertebrate species, consumes large amounts of energy and that therefore energy and bone 
metabolism are coupled via leptin. Although these experiments are elegantly conducted 
and convincing, there has been considerable debate on the exact role of leptin and the 
sympathetic nervous system in bone remodeling (reviewed in [9]). The debate focuses 
on multiple issues, including the direct versus the indirect effect of leptin on bone 
remodeling, the differential effects of leptin on cortical versus trabecular bone and the 
axial versus the appendicular skeleton, the possibly confounding effect of body mass and 
obesity with accompanying leptin resistance, and finally the effect of other adrenergic 
(beta-1 and -3, alpha) receptors involved in sympathetic signaling. 
Notwithstanding these issues, the purpose of the first part of this thesis was to translate 
the findings from the rodent studies on the sympathetic nervous system control of bone 
remodeling to the human situation. Unfortunately, it has proven difficult to do so. 
Mice are from the same genetic background and are born and raised under standard 
living conditions whereas humans are genetically diverse and have completely different 
lifestyles. In mice, it is possible to knockout or knockin a single gene, even tissue-
specifically, to study its effect and this level of precision will never be met in human 
research. In addition, it is uncertain whether or not the interaction between leptin, the 
sympathetic nervous system and bone are exactly similar in mice and humans, especially 
under the specific study circumstances. Therefore it remains uncertain whether leptin 
only significantly influences bone metabolism at the extremes of the spectrum, or 
whether it also plays a role in ‘normal’ bone physiology. Taken together, our studies 
suggest that the first option is more plausible.  

Adipose tissue has received a lot of attention over the last two decades. Historically, it 
was considered an inert tissue; this view has now changed as adipose tissue has been 
identified as the source of several hormones, i.e. adipokines that are crucial in the 
regulation of energy metabolism. In addition, several types (white, beige and brown) 
and depots (subcutaneous and visceral) of adipose tissue are recognized, all with different 
properties. Bones contain adipose tissue and this bone marrow adipose tissue was viewed 
as passive filling of the vacant bone marrow space. Recent studies however suggest that 
bone marrow adipose tissue is metabolically active and involved in energy homeostasis, 
hematopoiesis and bone metabolism (reviewed in [10, 11]). The exact interaction or 
balance between bone and adipose tissue in the bone marrow cavity is not elucidated yet. 
During skeletal growth there is an increase in both bone and adipose tissue, suggesting a 
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positive relation. However, during aging and as a result of diseases including osteoporosis 
and anorexia nervosa, there is an inverse relation between bone mass and adiposity. In 
addition, it is uncertain what progenitor cell type the bone marrow adipocyte is coming 
from and what factors regulate its differentiation and proliferation. Since anorexia nervosa 
and osteoporosis are accompanied by decreased estrogen concentrations, estrogen could 
be an important regulator of bone marrow adiposity. In the second part of this thesis 
we showed that estrogen rapidly decreases bone marrow adiposity, accompanied by an 
increase in bone formation. We did not investigate the molecular mechanism behind 
this effect, however we hypothesize that estrogen influences the differentiation of the 
mesenchymal stem cell away from the adipocyte and towards the osteoblast lineage. 
Alternatively, it may induce the transdifferentiation of the pre-adipocyte to the osteoblast 
lineage. This will be the subject of future studies.
Finally, a better understanding of bone marrow adipose tissue physiology as well as the 
interaction between adipose and bone cells in the bone marrow niche, may ultimately 
lead to new therapeutic options to treat both bone and metabolic diseases.
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NEDERLANDSE SAMENVATTING

In het eerste deel van dit proefschrift onderzoeken we de invloed van het sympathisch 
zenuwstelsel op botstofwisseling en bloedvorming bij mensen en in het tweede deel 
onderzoeken we de hormonale controle van bot en beenmerg. Hoofdstuk 1 is een 
inleiding tot de menselijke botstofwisseling, beenmergfysiologie en het sympathisch 
zenuwstelsel.

Om de invloed van het sympathisch zenuwstelsel op de botstofwisseling en bloedvorming 
bij mensen te onderzoeken, hebben we drie verschillende benaderingen gebruikt. Ten 
eerste een klinische benadering (hoofdstuk 2), ten tweede een genetische benadering 
(hoofdstuk 3) en ten derde een farmacologische benadering (hoofdstuk 4 en 5).

In hoofdstuk 2 vergelijken we bot turnover markers tussen feochromocytoom patiënten 
en controle patiënten. Een feochromocytoom is een catecholamine-uitscheidende 
tumor van de bijnier. Catecholamines zijn de neurotransmitters van het sympathische 
zenuwstelsel waardoor het feochromocytoom kan dienen als model voor sympathische 
overstimulatie. Adrenalectomie (operatieve verwijdering van de aangedane bijnier) 
is de aanbevolen behandeling voor feochromocytoom patiënten en als de operatie 
slaagt, normaliseren de catecholamine concentraties. Wij laten zien dat CTx, een 
botresorptiemarker, verhoogd is in het bloed van feochromocytoom patiënten en dat 
de concentratie in het bloed van deze marker normaliseert na verwijderen van het 
feochromocytoom. We concluderen dat catecholamine-exces botresorptie verhoogt, 
hetgeen suggereert dat het sympathisch zenuwstelsel botstofwisseling kan beïnvloeden. 
In deze studie echter was de bron van de catecholamines de bijnier en niet het 
sympathisch zenuwstelsel. Daarom blijft het de vraag of er een fysiologische rol van het 
sympathisch zenuwstelsel bij de regulatie van botstofwisseling is. Verder is niet bekend 
of deze verandering in botresorptiemarker klinisch relevant is, met andere woorden, of 
deze kan leiden tot veranderingen in botmineraaldichtheid of fractuurrisico?

In hoofdstuk 3 hebben we de associatie van polymorfismen in de beta-2 adrenerge 
receptor met fractuurrisico onderzocht in twee grote, Nederlandse cohorten en de 
associatie met botmineraaldichtheid in een groot, internationaal consortium. Een ‘single 
nucleotide polymorphism’ is een variatie in de DNA volgorde van één nucleotide die 
regelmatig (>1%) voorkomt in de populatie. Als deze variatie resulteert in een verandering 
van aminozuur, wordt het een nonsynonieme SNP genoemd. In het beta-2 adrenerge 
receptor (B2AR) gen komen meerdere SNPs voor en drie daarvan zijn nonsynoniem. 
Eerder onderzoek heeft aangetoond dat deze drie polymorfismen resulteren in klinisch 
relevante veranderingen in receptor functie. Wij hebben echter geen associatie gevonden 
van de polymorfismen in het B2AR gen met fractuurrisico of botmineraaldichtheid. Dit 
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kan betekenen dat de B2AR geen rol speelt in de menselijke botstofwisseling, of dat de 
polymorfismen in het B2AR gen niet resulteren in een verandering in receptorfunctie 
op botcellen, of dat fractuurrisico en botmineraaldichtheid geen goede uitkomstmaten 
zijn om de veranderingen in botstofwisseling door de polymorfismen in het B2AR gen 
te meten. Verder onderzoek is nodig om te achterhalen welke verklaring de juiste is.

In hoofdstuk 4 hebben we een gerandomiseerde, gecontroleerde klinische trial gedaan 
om het effect van een beta-adrenerge agonist en antagonist op botturnover in gezonde, 
postmenopauzale vrouwen te onderzoeken. Beta-adrenerge agonisten verhogen de 
sympatische activiteit door te binden aan de beta-adrenerge receptor. Beta-adrenerge 
antagonisten binden competitief met de neurotransmitter noradrenaline aan de de 
beta-adrenerge receptoren, maar in plaats van de receptor te activeren, de-activeren ze 
de receptor door eraan te binden. Onze hypothese was dat beta-adrenerge agonisten 
botturnover zouden verhogen terwijl antagonisten botturnover zouden verlagen, maar we 
vonden geen effect. We hebben propranolol gebruikt om de beta-2 adrenerge receptor te 
blokkeren. Propranolol is een niet-selectieve beta-blokker die zowel de beta-1 als beta-2 
adrenerge receptor blokkeert. Studies in muizen hebben laten zien dat beta-1 adrenerge 
receptor knockout muizen een lagere botmassa hebben dan wildtype muizen en hetzelfde 
geldt voor gecombineerd beta-1 en beta-2 adrenerge receptor knockout muizen. Het 
blokkeren van zowel de beta-1 als de beta-2 adrenerge receptor door propranolol zou 
een verklaring kunnen zijn voor de afwezigheid van effect op botturnover in deze studie. 
Helaas is er geen beta-2 specifieke receptor anatagonist beschikbaar voor mensen. We 
hebben terbutaline, een selectieve beta-2 adrenerge agonist gebruikt en in muizen had 
toediening hiervan een toename van de botturnover tot gevolg. Deze studies echter 
gebruikten echter suprafysiologische doses van de beta-2 adrenerge agonist en dat is 
niet mogelijk bij humaan onderzoek. Hoewel we op grond van deze studie niet kunnen 
concluderen dat sympathische regulatie van de menselijke botstofwisseling mogelijk is, 
laat het wel zien hoe moeilijk het is om het sympathisch zenuwstelsel farmacologisch 
te beïnvloeden. Daarom lijkt dit geen geschikte therapeutische optie om botziekten bij 
mensen te behandelen.

Hoofdstuk 5 is een vooraf gedefinieerde substudie van de klinische trial beschreven 
in hoofdstuk 4, waarin we het effect van een beta-adrenerge agonist en antagonist op 
circulerende CD34+ hematopoietische stamcellen hebben onderzocht. Hematopoietische 
stamcellen bevinden zich in het beenmerg en migreren naar de bloedbaan om de 
bloedvorming in stand te houden. Deze migratie wordt onder andere gereguleerd 
door het sympathisch zenuwstelsel. Onze hypothese was dat beta-adrenerge agonisten 
en antagonisten gebruikt zouden kunnen worden om deze migratie te beïnvloeden. 
Maar we vonden geen effect op de hoeveelheid circulerende CD34+ hematopoietische 
stamcellen tijdens de behandeling met een beta-adrenerge agonist of antagonist.
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Tijdens hematopoietische stamceltransplantatie wordt de migratie van CD34+ 
hematopoietische stamcellen naar de bloedbaan gestimuleerd door de toediening van 
G-CSF en recent werd ontdekt dat G-CSF ook ingrijpt op het beta-adrenerge receptor 
signaalpad. Een andere hypothetische mogelijkheid is om een beta-agonist aan de 
behandeling met G-CSF toe te voegen om een synergisch effect te bewerkstelligen, maar 
dit moet eerst verder onderzocht worden.

In het tweede deel van dit proefschrift hebben we de rol van twee hormonen oestrogeen 
en insuline, in bot en beenmerg metabolisme onderzocht.

De belangrijke rol van oestrogeen in de regulatie van botstofwisseling is al lang 
bekend. Over de rol van oestrogeen in de regulatie van beenmerg is daarentegen nog 
weinig bekend. Beenmerg bestaat uit bloedvormend en vet beenmerg. Tijdens het 
ouder worden, calorie restrictie en ziekten zoals osteoporose, neemt de hoeveelheid 
beenmergvet toe. Deze condities gaan alle vergezeld van afname van de oestrogeen 
concentraties. Daarom was onze hypothese dat oestrogeen ook een belangrijke regulator 
van beenmergvet zou kunnen zijn. Beenmergvet werd altijd onderzocht door middel van 
beenmergpuncties, maar tegenwoordig is het mogelijk om met MRI scans gevalideerd en 
non-invasief, het beenmergvet te meten. In hoofdstuk 6 onderzoeken we de variatie in 
beenmergvet, gemeten met quantitative chemical shift imaging (QCSI) MRI tijdens de 
menstruatiecyclus in gezonde vrouwen. We observeerden een toename van beenmergvet 
tijdens de folliculaire fase en een afname tijdens de luteale fase. Om aan te tonen dat deze 
variatie in beenmergvet veroorzaakt wordt door oestrogeen, hebben we het beenmergvet 
gemeten met QCSI MRI voor, tijdens en na twee weken van oestrogeensuppletie in de 
vorm van 17-beta estradiol tabletten in gezonde, postmenopauzale vrouwen. Inderdaad 
nam de hoeveelheid beenmergvet af tijdens oestrogeensuppletie en normaliseerde het 
na staken van de oestrogeensuppletie, in alle vrouwen. Deze studie toont duidelijk aan 
dat 17-beta estradiol op korte termijn beenmergvet kan reguleren. Het mechanisme van 
deze regulatie en de pathofysiologische relevantie moeten nog onderzocht worden.

Insuline is een belangrijk anabool hormoon en het is bekend dat diabetes patiënten een 
verhoogd fractuur risico hebben. Recent werd geponeerd dat botstofwisseling, door de 
secretie van osteocalcine, ook insuline secretie en glucosestofwisseling kan beïnvloeden. 
In hoofdstuk 7 zetten we het klinische bewijs voor deze regulatie van glucosestofwisseling 
door bot op een rij. We concluderen dat het observationele bewijs veelbelovend is, maar 
dat de interventie data de hypothese niet volledig steunen. Met name de vitamine K 
concentraties en de carboxylering van osteocalcine kunnen de resultaten beïnvloed 
hebben. Niettemin is de hypothese heel interessant gezien de enorme prevalentie van 
obesitas en diabetes en daarom vinden wij verdere studies zeker de moeite waard.
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DANKWOORD

“At times our own light goes out and is rekindled by a spark from another person. Each 
of us has cause to think with deep gratitude of those who have lighted the flame within 
us” – Albert Schweitzer

Mijn ‘wetenschappelijke’ vlam, uiteindelijk resulterend in dit proefschrift, werd 
aangestoken tijdens het tweedejaars college immunologie door professor Daha in het 
LUMC. Hij wist zijn fascinatie voor de complexiteit van de immunologie zeer inspirerend 
over te brengen, dus toen hij aan het eind van het college vertelde dat hij studenten zocht 
om onderzoek te doen, heb ik me onmiddellijk aangemeld en een geweldige tijd gehad 
op het lab Nierziekten. Mijn wetenschappelijke reis ging verder naar het prachtige La 
Jolla, San Diego, waar professor Schoenberger me hartelijk ontving in zijn ‘familielab’ 
en me introduceerde in het proefdieronderzoek. Tijdens de opleiding tot internist in 
het uitdagende MCH heeft dokter Geelhoed me aangestoken met het diabetes-virus 
en heb ik voor het eerst klinisch onderzoek gedaan. Professor Romijn, toen nog mijn 
opleider in het LUMC, heeft me gestimuleerd om de opleiding te onderbreken om 
promotieonderzoek te doen. En uiteindelijk heeft hij me, opnieuw in San Diego, 
voorgesteld aan Peter Bisschop, die na een uitgebreide lunch besloten heeft me aan te 
nemen voor het onderzoek beschreven in dit proefschrift onder leiding van professor 
Eric Fliers. Hoewel de studiecentra, -onderwerpen en -methoden heel divers waren, 
heb ik het overal ontzettend naar mijn zin gehad en wil ik al deze inspirerende mensen 
bedanken voor hun aanstekende enthousiasme en begeleiding!

Beste Peter, ik had me geen betere co-promotor kunnen wensen, je hebt me fantastisch 
begeleid vanaf het eerste begin tot aan de laatste letter! Altijd bereikbaar voor overleg, 
openstaand voor nieuwe ideeën, scherp formulerend en kritisch lezend, ik heb heel veel 
van je geleerd. Ik verheug me op onze samenwerking op de poli endocrinologie!

Beste Eric, ik ben nog steeds onder de indruk van jouw enorme kennis en kunde op het 
gebied van de endocrinologie. In combinatie met je interesse en rustgevende uitstraling, 
weet je het beste in jouw promovendi naar boven te halen. Ik ben vereerd dat ik ook 
mijn specialisatie in de endocrinologie onder jouw leiding mag doen! 

De promotiecommissie wil ik graag bedanken voor het lezen en goedkeuren van het 
manuscript en natuurlijk voor de ongetwijfeld uitdagende vragen die ze zullen stellen 
tijdens de verdediging op 2 december aanstaande.
Beste Hans, je hebt me uitgenodigd om te solliciteren voor de opleiding toen ik nog co-
assistent was in het LUMC en je hebt me nog aangenomen ook, je hebt me ‘meegenomen’ 
naar het AMC door me voor te stellen aan Peter en in het AMC heb je mijn poli 
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algemene interne gesuperviseerd; ik kan je wel blijven bedanken! Jouw adviezen zijn van 
onschatbare waarde gebleken en ik heb ook als dokter veel van je geleerd, dank!
Beste Neveen, je was de supervisor van mijn allereerste coschap, bedoeld om te leren hoe 
je dokter moet zijn, en dat heb ik  van jou bij uitstek kunnen leren, dank!
Beste Carola, ik leerde je kennen als voorzitter van de NVCB en door de kleinschaligheid 
van de bottencongressen heb ik je daarna ook persoonlijk leren kennen, dank voor al je 
goede raad!
Beste Paul, altijd als ik op congres vertel dat ik uit Amsterdam kom, vragen mensen of ik 
jou ken en tot mijn genoegen kan ik dan ja zeggen. Heel fijn dat we je altijd om advies 
hebben mogen vragen, jouw kennis van botmetabolisme is wereldwijd vermaard!
Beste Vincent, het spijt me nog steeds dat ik niet in Amsterdam heb gestudeerd en 
daardoor nooit jouw spraakmakende college over de osteoclast heb kunnen volgen. 
Gelukkig heb je me wel over de finesses van de osteoclast kunnen bijpraten tijdens de 
botbesprekingen, heel fijn!
Beste Mario, door het vervolg op de MRI studies in de AMC-VU alliantiegrant ben je 
bij mijn promotie betrokken geraakt. Je weet meteen tot de kern door te dringen door 
je manier van vragen stellen en in combinatie met je grote rol in het onderwijs, twijfel 
ik er niet aan dat het alliantie project gaat slagen en ik verheug me erop bij het resultaat 
betrokken te zijn!

Natuurlijk had ik al deze studies nooit kunnen doen zonder de medewerking van de 
proefpersonen. Ik ben onder de indruk van de motivatie van alle dames die zonder 
eigenbelang medicijnen hebben geslikt, bloed hebben laten prikken en in de scan 
hebben gelegen, nogmaals bedankt!

De onderzoeken in dit proefschrift zijn tot stand gekomen door geweldige 
samenwerkingen. Ten eerste natuurlijk Eelkje, als jij er niet was geweest, had ik de 
studies nooit tijdens mijn zwangerschappen en opleiding kunnen afmaken. Het was 
ontzettend leuk om met iemand te kunnen samenwerken op ‘ons’ onderwerp BOT, veel 
dank! Statistiek is niet zo makkelijk als het soms lijkt, maar dankzij Michael is ook het 
ingewikkeldste probleem oplosbaar, veel dank. Labbepalingen zijn onmisbaar geweest 
voor mijn studies en alles was mogelijk, veel dank aan Erik en het hele endolab voor 
alle hulp daarbij. De botmarkers waren ook een essentieel onderdeel van mijn studies, 
dank daarvoor aan Annemieke en het endolab van de VU. Op de VU heb ik heel wat 
uren achter de microscoop doorgebracht na te zijn ingewijd in de geheimen van de 
botbiopten door Nathalie en Huib. Hoewel de studies het proefschrift niet hebben 
gehaald, heb ik veel van jullie geleerd, dank! Ook mijn kweek- en PCR project heeft 
het proefschrift niet gehaald, maar toch veel dank aan Anita en alle andere collega’s 
van F2 voor de hulp! De genetische studies zijn gelukt dankzij de samenwerking met de 
pharmaco-epidemiologiegroep in Utrecht, veel dank aan Patrick voor alle uren syntax 
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schrijven en Ton, Mark en Anke-Hilse voor de commentaren op het manuscript. De 
toevoeging van het Rotterdam cohort was een heel mooie aanvulling, dank daarvoor 
aan Ling voor de analyse en Fernando, Albert, Andre en Carola voor de commentaren 
op het manuscript. En natuurlijk Pieter Willem voor de start-up van dit project. 
De hematologische studie is mede tot stand gekomen dankzij de hulp van Mette en 
Johan, heel leuk dat jullie meteen enthousiast waren om mee te werken aan dit project! 
Ten slotte de vetfractie studies, veel dank aan Laura en Carla voor het delen van hun 
observatie en hun grote inhoudelijke betrokkenheid en aan Erik en Jurgen voor het 
maken en meedenken met de vele, logistiek uitdagende MRI scans. 

Ten slotte heb ik ontzettend veel hulp gehad op logistiek gebied met bloed prikken, 
afspraken maken en met allerlei administratie van Birgit, Martine en Jolien, jullie zijn 
onmisbaar! En natuurlijk wil ik alle collega’s op F5 en F2 bedanken voor de gezelligheid, 
etentjes, besprekingen en PhD lunches! 

Veel dank ook aan mijn twee paranimfen: 
Lieve Karin, ruim drie jaar, onze hele promotietijd lang, hebben we naast elkaar gezeten 
en lief en leed gedeeld. Nog even en we zijn allebei gepromoveerd en in opleiding, het 
leven wordt alleen maar beter! 
Lieve Cé, samen naar college, samen in het MCH en samen in het AMC, we zien elkaar 
heel veel. En natuurlijk niet alleen in het ziekenhuis, maar ook met z’n tweeën, met de 
mannen of met de kindjes, heel bijzonder om zoveel met je te delen!

Werken aan de promotie was super, maar om het vuurtje brandende te houden, wil ik 
ook al mijn lieve vriendinnen en vrienden bedanken voor jullie gezelligheid, interesse 
en steun, ik prijs me gelukkig met alle mensen om me heen!

Dank aan mijn lieve schoonouders, zwagers en schoonzussen voor hun niet-aflatende 
interesse en steun. Veel dank aan mama en Jaap en papa en Annemiek voor de enorme 
support in alle opzichten, zonder jullie was het me nooit gelukt om werk, gezin en 
promotie te combineren en tot zo’n mooi einde te brengen! Lieve Pien, al meer dan 
dertig jaar mijn grote kleine zus, jij staat altijd voor me klaar. En ik heb het dan wel 
geschreven, maar zonder jouw hulp had dit proefschrift er nooit zo mooi uitgezien, 
dank!

Lieve Wieger, ook al ben jij niet mijn paranimf, je bent wel de liefde van mijn leven en 
je zet me nog steeds in vuur en vlam! Lieve Teun en Joep, jullie zijn mijn lieve kleine 
vlammetjes van liefde, elke dag weer een feest!



Appendix

123

Ch
ap

te
r 9

BIOGRAFIE

Anneke Greetje Vlug werd geboren op 18 maart 1982 en groeide op in Den Haag. 
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Daarnaast studeerde ze enkele jaren viool bij Qui van Woerdekom aan het Koninklijk 
Conservatorium in Den Haag en was ze afgevaardigde naar diverse Model United 
Nations. 
In 2000 begon ze aan de studie Geneeskunde in Leiden en deed ze onderzoek, op 
de afdeling Nierziekten bij professor Daha en professor van Kooten naar de rol van 
dendritische cellen bij niertransplantatie en aan het La Jolla Institute for Allergy and 
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cellen. Ondertussen speelde ze met veel plezier viool in zowel het Collegium Musicum 
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Na haar artsexamen, in de zomer van 2007, heeft ze een aantal maanden gewerkt als 
zaalarts op de afdeling Interne Geneeskunde van het ’s Lands Hospitaal in Paramaribo, 
Suriname onder supervisie van dokter Issa en dokter Heerenveen. Een bijzondere 
ervaring en goede voorbereiding op de opleiding Interne Geneeskunde die hierna zou 
volgen. 
Ze heeft de eerste drie jaar van de opleiding met veel enthousiasme gewerkt in het 
Medisch Centrum Haaglanden in Den Haag bij dokter Geelhoed en dokter Bootsma als 
opleiders. Na deze drie jaar heeft ze haar opleiding onderbroken voor promotieonderzoek 
naar de neuroendocriene regulatie van humaan botmetabolisme op de afdeling 
Endocrinologie van het Academisch Medisch Centrum in Amsterdam. Inmiddels heeft 
zij haar opleiding tot internist weer hervat op de afdeling Interne Geneeskunde van 
het AMC bij dokter Geerlings als opleider en is zij per 1 oktober begonnen aan de 
specialisatie in de endocrinologie onder leiding van professor Fliers.
Ondertussen is ze getrouwd met Wieger Veldhuis en heeft ze twee zonen gekregen, Teun 
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