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SUMMARY
Research in the last decade has revealed that bone is not only a target tissue for numerous circulating hormones but functions as

an endocrine organ itself. As a recent study demonstrated a stimulatory effect of the osteoblast-derived hormone osteocalcin (OCN)

on testosterone production in mice, we investigated whether such an association can be replicated in humans. We used data from

1338 men (25–86 years) in the population-based epidemiological Study of Health in Pomerania and from 110 male outpatients with

bone disorders (18–85 years) for the study. We analysed cross-sectional associations between OCN and total testosterone serum con-

centrations (TT), as well as associations between further markers of bone turnover [bone-specific alkaline phosphatase (BAP), serum

C-terminal telopeptides of Type I collagen (CTX), urinary deoxypyridinoline] and TT using ordinary least square (OLS) regression

models. Multivariable OLS models revealed a positive association between OCN and TT in the population-based (b coefficients for a

one standard deviation increase, 0.590; standard error (SE), 0.175; p-value, <0.01) and patient-based (b coefficient, 0.575; SE, 0.132; p-

value, <0.01) samples even after adjustment for age and body mass index (both samples), and time of blood sampling (population-

based sample only). Furthermore, we observed positive associations between BAP and TT (b coefficient, 0.403; SE, 0.170; p-value,

0.02) as well as between CTX and TT (b coefficient, 0.733; SE, 0.172; p-value, <0.01) in men from the general population. The present

investigation shows that OCN is associated with TT in the general population and in patients with bone disorders, and may thus indi-

cate general male health status. Additional longitudinal observational studies are warranted to confirm our findings and future exper-

imental research is necessary to elucidate potential mechanisms underlying the observed associations.

INTRODUCTION
Given the key role of the skeleton in supporting posture, pro-

tecting internal organs and serving as a reservoir of calcium and

phosphate, it is not surprising that the regulation of bone mass

is tightly controlled by cytokines, hormones and neuropeptides

(Weiss et al., 2010). While many of the important regulators

involved in this process such as parathyroid hormone, growth

hormone, corticosteroids or sex hormones are well-known, there

is accumulating evidence suggesting mutual influence between

bone metabolism and organ function (Fukumoto & Martin,

2009). At least two hormones produced by bone cells have been

identified: fibroblast growth factor 23 (FGF23), a major regulator

of phosphate homeostasis in mice and humans (Razzaque,

2009), and osteocalcin (OCN), which was reported to control

energy homeostasis and male fertility in mice (Lee et al., 2007;

Oury et al., 2011). OCN is considered a marker of bone

formation mainly produced by osteoblasts, but also released

from the bone matrix during the resorption phase (Ferron et al.,

2010a). The function of OCN as an endocrine hormone has only

recently been suggested through the study of genetically modi-

fied mouse models (Lee et al., 2007). OCN-deficient mice were

found to display decreased insulin secretion and sensitivity, and

mice lacking a tyrosine phosphatase encoded by the Esp-gene

showed the opposite phenotype owing to increased serum levels

of OCN (Lee et al., 2007).

While these findings were important to introduce the concept

of bone as an endocrine organ, it was surprising that a recent

study reported a second function of OCN, namely the control of

testosterone production in Leydig cells (Oury et al., 2011). Male

OCN-deficient mice display reduced fertility, testis size and

markedly decreased testosterone levels, despite high serum con-

centrations of LH (Oury et al., 2011). A similar phenotype was
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reported in mice lacking the serpentine receptor Gprc6a in Ley-

dig cells (Pi et al., 2008), and molecular experiments suggested

that the effects of OCN in testis are mediated through this

receptor.

As these observations in mice may contribute to a pivotal

change in our understanding of the homeostatic mechanisms

regulating androgen biosynthesis in the testis, it is important to

assess the functional role of the postulated bone-testis-axis in

humans. To date, this question has only been addressed in males

aged 20 years or less (Kirmani et al., 2011; Valimaki et al., 2004),

where total OCN was shown to positively correlate with the total

testosterone serum concentration (TT). However, as Gprc6a

expression was found to be highest in adult mice (Oury et al.,

2011), it is of utmost relevance to investigate a possible influence

of OCN on TT in adult men. Therefore, we used data from a large

population-based epidemiological study and from male outpa-

tients with bone disorders to comprehensively analyse whether

TT is associated with OCN, and if so, how this correlation com-

pares with other markers of bone formation or resorption.

MATERIALS ANDMETHODS

Study populations

The population-based Study of Health in Pomerania (SHIP) is

an epidemiological study conducted in West Pomerania, a

region in north-eastern Germany. Details regarding the design,

recruitment and procedures of the SHIP study have been pub-

lished previously (Volzke et al., 2011). In brief, after written

informed consent was obtained, 4308 (2116 men) participants

(response rate 68.8%) attended the baseline examinations

(SHIP-0) between 1997 and 2001. During the first 5-year follow-

up (SHIP-1), 3300 (1589 men) participants were re-examined

(response rate 83.6%) between 2002 and 2006. The study con-

formed to the principles of the Declaration of Helsinki and the

protocol was approved by the Ethics Committee of the Univer-

sity of Greifswald. Of the 1589 male follow-up participants in

SHIP-1, we excluded all participants (overlap exists) with miss-

ing values (n = 32) or values below the measurement range of

the assays (n = 13) of TT, OCN, bone-specific alkaline phospha-

tase (BAP) or serum C-terminal telopeptides of Type I collagen

(CTX), all participants with presence of or missing information

on self-reported osteoporosis (n = 61), testicular cancer or any

malignancy diagnosed within the last 12 months (n = 28),

impaired renal function defined as estimated glomerular filtra-

tion rate according (eGFR) to MDRD formula <60mL/min/

1.73m2 (n = 137), or missing data on body mass index (BMI)

(n = 6). Furthermore, on the basis of the anatomical, therapeutic

and chemical (ATC) code, we excluded 15 men who were treated

with bisphosphonates (M05BA, M05BB), antiandrogens (G03H,

L02BB), Gonadotropin releasing hormone analogues (L02AE) or

testosterone (G03BA, G03BB), yielding a final study population

of 1,338 men from the general population.

The patient-based sample comprised 134 men attending the

University outpatient clinic (University Medical Center Ham-

burg-Eppendorf, Germany) between July 2010 and November

2011 for the diagnosis or treatment of bone diseases, such as

osteoporosis, osteomalacia, osteoporotic fractures or osteone-

crosis. The institutional review board approved the study and a

written informed consent was obtained from each patient.

Exclusion criteria of this study were age under 18 years,

impaired renal function, anti-androgen therapy, testosterone

replacement therapy, hypogonadism, malignancies, testicular

cancer, any other diseases or medication known to affect the

hypothalamic–pituitary-testis axis and current bisphosphonate

treatment. This resulted in a final study sample of 110 male

patients.

Measurements

In the SHIP, information about socio-demographic character-

istics, medical history and medications were collected by com-

puter-assisted personal interviews. Height and weight were

measured for the calculation of BMI [weight (kg)/height (m)2].

Non-fasting serum samples were drawn from the cubital vein in

the supine position. Blood sampling was performed between

8:35 AM and 7:10 PM. with the majority of samples (90.1%) being

taken until 2:30 PM. The samples were stored at �80 °C and mea-

surement of total testosterone concentrations were carried out

from April 2008 to May 2008 using competitive chemilumines-

cent enzyme immunoassays on an Immulite 2500 analyzer (Sie-

mens Healthcare Medical Diagnostics, Bad Nauheim, Germany).

The interassay coefficient of variation was 14.3% with a system-

atic deviation of �8.8% at the 4.1 nmol/L level, 10.5% with a sys-

tematic deviation of �4.4% at the 12.1 nmol/L level and 13.6

with a systematic deviation of �8.5% at the 29.4 nmol/L level.

The concentration of free testosterone (free T) was calculated

from TT and the concentration of sex hormone-binding globulin

(SHBG) according to Vermeulen et al. (Vermeulen et al., 1999).

SHBG levels were measured on the Immulite 2500 analyzer (Sie-

mens Healthcare Medical Diagnostics, Bad Nauheim, Germany).

The interassay coefficient of variation was 4.5% with a system-

atic deviation of +1.1% at the 4.7 nmol/L level and 7.2% with a

systematic deviation of +0.3% at the 73 nmol/L level.

Markers of bone formation and bone resorption including

OCN, BAP and CTX were measured using an IDS-iSYS Multi-Dis-

cipline Automated Analyser (Immunodiagnostic Systems Lim-

ited, Frankfurt am Main, Germany). Three levels of control

material were measured for each analyte by skilled technical

personal to verify a decent working mode. OCN was measured

with the IDS-iSYS N-Mid Osteocalcin assay (Immunodiagnostic

Systems Limited). This assay detects the intact osteocalcin

(amino acid 1-49) as well as the N-terminal-mid fragment

(amino acids 1-43). The coefficients of variation (CVs) were 6.9%

at low levels, 6.8% at medium levels and 5.1% at high levels of

control material. CTX was measured with the IDS-iSYS CTX-I

(CrossLaps) assay (Immunodiagnostic Systems Limited). The

CVs were 12.2% at low levels, 10.4% at medium levels and 11.4%

at high levels of control material. BAP was measured with the

IDS-iSYS Ostase+ BAP assay (Immunodiagnostic Systems

Limited). The CVs were 12.3% at low levels, 13.5% at medium

levels and 13.2% at high levels of control material.

In the clinical sample, information including medical history,

age, weight, height and current medications were recorded.

Morning blood samples were obtained from antecubital veins

(between 9:00 and 11:00 AM) and analysed for TT, OCN and BAP.

Urine samples as first or second morning void were collected for

quantitative measurement of deoxypyridinoline (DPD). TT was

determined by a chemiluminescent competitive immunoassay

(ADVIA Centaur, Siemens Healthcare Diagnostics Inc., Tarry-

town, NY, USA; measuring range 0.35–52.1 nmol/L; CV of 7.6%

at low levels, 5.8% at medium levels, and 2.7% at high levels). As
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the focus of this study was to investigate whether the proposed

bone-testis axis can be monitored by assessment of standard

laboratory parameters like OCN and TT, SHBG measurement

was not included in the patient sample. OCN and BAP were

measured using chemiluminescent competitive immunoassays

(LIAISON; DiaSorinInc, Stillwater, MN, USA) (OCN: measuring

range 0.3–300 ng/mL, CV of 4% at low levels, 6% at medium lev-

els and 4% at high levels; BAP: measuring range 1.50–120 lg/L,
CV of 4.3% at low levels, 3.9% at medium levels, and 4.0% at high

levels). DPD was measured using an enzyme-labelled chemilu-

minescent competitive immunoassay and analysed as nmol/

mmol creatinine (Immulite 2000; Siemens Healthcare Diagnos-

tics Inc., Llanberis, Gwynedd, UK; measuring range: 7–300 nmol,

CV of 12% at low levels, 7.1% at medium levels, 4.3% at high

levels).

Statistical analysis

Characteristics of the two study samples were expressed as

median (p25–p75). To investigate cross-sectional associations of

OCN or further markers of bone turnover with TT, we used

ordinary least square (OLS) regression models adjusted for age

and BMI. In an additional analysis, we investigated the associa-

tions of the bone turnover markers with SHBG and free T in the

population-based sample. As blood sampling was performed

between 8:30 AM and 7:10 PM in SHIP, we further adjusted for

time of blood sampling in the population-based study. More-

over, because of the well-known circadian rhythms in TT (Diver

et al., 2003; Brambilla et al., 2009) as well as in OCN (Gundberg

et al., 1985), we performed sensitivity analyses in which we strat-

ified the population-based sample in morning (blood sampling

before 11:30 AM) and afternoon (blood sampling after 11:29 AM)

samples. Effects were presented as b coefficient together with

the corresponding standard error (SE) for a one standard devia-

tion increase in the independent variable. We applied graphical

and non-graphical methods to detect unusual and influential

data, assure normality of residuals, homogeneity of variance of

the residuals, linearity of the relationship and multicollinearity.

We did not find any severe violations, which may have influ-

enced the regression analyses and its results, verifying that our

data have met the assumptions underlying OLS regression. Two-

sided probability values <0.05 were considered statistically sig-

nificant. All statistical analyses were performed using SAS 9.1

(SAS Institute Inc., Cary, NC, USA) and IBM SPSS Statistics Ver-

sion 20.0 (SPSS Inc., Chicago, IL, USA).

RESULTS
Table 1 presents the characteristics of the population-based

and patient-based study samples.

Detailed information for the clinical sample is given in

Table 2.

Scatterplots for the graphical interpretation of the relationship

between OCN and TT depicted a positive linear trend in both

study samples (Fig. 1).

Multivariable OLS models confirmed the positive association

between OCN and TT in the population-based (b coefficient,

0.590; SE, 0.175; p-value, <0.01) and patient-based (b coefficient,

0.575; SE, 0.132; p-value, <0.01) sample after adjustment for age,

BMI (both samples), and time of blood sampling (population-

based sample) (Table 3). When the population-based sample

was stratified in the morning (n = 683) and afternoon blood

samples, (n = 655) the associations between OCN and TT

remained statistically significant (morning samples fully

adjusted: b coefficient, 0.594; SE, 0.260; p-value, 0.02; afternoon

samples fully adjusted: b coefficient, 0.601; SE, 0.236; p-value

0.01).

We also observed positive associations between further mark-

ers of bone turnover and TT (Table 4).

Table 1 Characteristics of the study populations

Characteristics Population-based sample

(N = 1338)

Patient-based sample

(N = 110)

Age, years 53.5 (41.0–65.0) 59.0 (44.0–68.0) [110]
BMI, kg/m2 27.9 (25.4–30.7) 25.7 (23.4–27.2) [98]
Total

Testosterone,

nmol/L

16.6 (13.2–21.0) 13.5 (9.7–16.9) [110]

OCN, ng/mL 15.4 (12.1–19.6) 11.5 (8.9–13.9) [110]
BAP, lg/L 14.1 (11.5–17.2) 11.3 (8.4–13.6) [103]
CTX, ng/mL 0.28 (0.19–0.42) –
DPD, nmol/

mmol

– 5.0 (4.0–6.0) [98]

BAP, bone-specific alkaline phosphatase; BMI, body mass index; CTX, C-terminal

telopeptides of type 1 collagen; DPD, urinary deoxypyridinoline; OCN,

osteocalcin. Data are presented as median (p25–p75). Numbers in square brackets

represent the maximum number of individuals in the patient-based sample for

each variable.

Table 2 Characteristics of the patient-based sample (N = 110)

Number (%)

Reason for visit

Routine check-up 18 (16.4)

Osteopenia 39 (35.5)

Osteoporosis 25 (22.7)

Stress fracture 9 (8.2)

Bone oedema/necrosis 10 (9.1)

Paget’s disease of bone (inactive) 3 (2.7)

Complex regional pain syndrome (CRPS) 2 (1.8)

Others (FD; bone cyst; OI; OP) 4 (3.6)

Patients with fractures

Traumatic 14 (12.7)

Atraumatic 14 (12.7)

FD, fibrous dysplasia; OI, osteogenesis imperfecta; OP, osteopetrosis.

(A) (B)

Figure 1 Scatterplots showing the relation between total testosterone and

osteocalcin measurements in the population-based (A) and patient-based

study sample (B). A trend line (solid line) with 95% confidence interval

(dashed lines) was obtained from an unadjusted linear regression model.
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In the population-based sample, the bone formation marker

BAP was positively associated with TT (b coefficient, 0.403; SE,

0.170; p-value, 0.02), and there was a positive and significant

association between the bone resorption marker CTX (b coeffi-

cient, 0.733; SE, 0.172; p-value, <0.01) and TT. In contrast, we

did not detect a significant association between BAP or the

bone resorption marker DPD with TT in the patient-based

sample (Table 4). An additional adjustment for diabetes

mellitus, self-reported physical activity and eGFR in the

population-based sample did not change the results (data not

shown).

In the population-based sample, linear regression models

revealed associations between OCN, BAP or CTX with SHBG in

age- and fully adjusted models. Moreover, associations between

OCN (age-adjusted model only) or CTX (age- and fully adjusted

model) with free T were observed (Table S1). After exclusion of

12 men with either high (>50 nmol/L) or low (<5 nmol/L) TT

concentrations, a borderline significant association between

OCN and free T was detected (Table S2).

DISCUSSION
There is growing evidence that testosterone, the most impor-

tant testicular androgen, is a valuable biomarker of men’s overall

health status (Wu et al., 2008). While conditions such as general

ageing, obesity or smoking are known to alter serum TT concen-

trations (Wu et al., 2008; Haring et al., 2010), recent experimen-

tal findings (Oury et al., 2011; Smith & Saunders, 2011;)

suggested that bone-derived OCN is an important regulator of

TT in mice. Also in healthy boys, aged 20 years or less, OCN was

positively correlated with TT (Kirmani et al., 2011). Given the

high prevalence of skeletal disorders in the ageing population, it

is important to assess the physiologic as well as pathologic

importance of the postulated bone-testis axis in adult males.

From a clinical point of view, bone disorders with abnormally

high OCN (such as Paget’s disease, high-turnover osteoporosis

or hyperparathyroidism) or low OCN (such as low-turnover

osteoporosis, glucocorticoid therapy or hypoparathyroidism)

could therefore be associated with critical alterations in TT levels

(Traish et al., 2011).

In the present epidemiological study, we assessed the cross-

talk between biochemical markers of bone remodelling and TT

using two independent samples. The key finding of our study is

the positive association between OCN and TT, which was consis-

tently observed in the population-based as well as the patient-

based sample. This finding is accompanied by results from the

population-based sample that demonstrated an association

between OCN and SHBG as well as a borderline significant asso-

ciation between OCN and free T after exclusion of 12 men with

high or low TT.

Two previous cross-sectional studies (Valimaki et al., 2004;

Kirmani et al., 2011) reported positive correlations between

OCN and TT in 56 healthy boys 4–20 years of age (Kirmani et al.,

2011) and in 204 healthy young men 18–20 years of age

(Valimaki et al., 2004). Our results confirm and expand these

previous results to healthy and diseased adult males. This

supports the hypothesis of a role of bone metabolism in male

reproduction (Oury et al., 2011). Nevertheless, additional

longitudinal studies are needed to address this issue and to

evaluate the physiologic importance of the observed association.

Moreover, the cross-sectional design of our study does not allow

assessing the causality of the observed association. Therefore,

we cannot rule out that the detected association is because of a

stimulatory effect of TT on OCN secretion (Clarke & Khosla,

2009).

Our study further revealed a positive association between the

bone formation marker BAP and TT in the population-based

sample, but not in the patient-based sample. This may indicate

that the association between OCN and TT is present in healthy

and diseased adult males, while BAP is only associated with TT

in healthy individuals, but not in those with accelerated

(Kirmani et al., 2011) or altered bone turnover (e.g. growth or

bone disorders). Moreover, we detected a positive association

between bone resorption (CTX) and TT in the population-based

sample, supporting the notion that bone-resorbing osteoclasts

Table 3 Association of osteocalcin (OCN) with total testosterone (TT) in a

population-based sample of healthy men vs. a patient-based sample of men

with bone disorders. A one standard deviation increase in OCN was

modelled

Model Population-based

sample (N = 1338)

Patient-based

sample (N = 110)

b
coefficient

SE p-

value

b
coefficient

SE p-

value

OCN TT TT

Age-adjusted 0.885 0.176 <0.01 0.574 0.129 <0.01
Fully adjusted* 0.590 0.175 <0.01 0.575 0.132 <0.01

SE, standard error. *Fully adjusted linear regression models with total testosterone

concentration as dependent and osteocalcin as independent variables were

adjusted for age and body mass index. The population-based sample was further

adjusted for time of blood sampling. Because of missing data on confounders,

fully adjusted models comprise only 95 men in the patient-based sample. One

standard deviation of OCN in the population-based sample: 6.71 ng/mL; in the

patient-based sample: 3.70 ng/mL (whole sample of 110 men) and 3.80 ng/mL

(95 men with information on BMI).

Table 4 Associations of total testosterone with markers of bone remodel-

ling in a population-based sample of healthy men vs. a patient-based sam-

ple of men with bone disorders. A one standard deviation increase in the

markers of bone formation or resorption was modelled

Linear regression

models

Population-based sample Patient-based sample

b
coefficient

SE p-

value

b
coefficient

SE p-

value

Marker of bone

formation

BAP (N = 1338) BAP (N = 103)

Age-adjusted 0.358 0.175 0.04 0.136 0.144 0.347

Fully adjusted* 0.403 0.170 0.02 0.132 0.146 0.368

Marker of bone

resorption

CTX (N = 1338) DPD (N = 97)

Age-adjusted 0.943 0.175 <0.01 0.185 0.184 0.319

Fully adjusted* 0.733 0.172 <0.01 0.200 0.187 0.291

BAP, bone-specific alkaline phosphatase; CTX, serum C-terminal telopeptides of

Type I collagen; DPD, urinary deoxypyridinoline; SE, standard error. *Fully

adjusted linear regression models with total testosterone concentration as depen-

dent and bone remodelling markers as independent variables were adjusted for

age and body mass index. The population-based sample was further adjusted for

time of blood sampling. Because of missing data on confounders, fully adjusted

models comprise only 95 men for BAP and 83 men for DPD in the patient-based

sample. One standard deviation of BAP and CTX in the population-based sample:

5.26 lg/L and 0.19 ng/mL; one standard deviation in the patient-based sample:

BAP 4.7 lg/L (whole sample of 103 men) and 5.0 lg/L (95 men with information

on BMI) and DPD 1.9 ng/mL (whole sample of 97 men) and 1.7 ng/mL (83 men

with information on BMI).
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may indeed control the release of hormonally active OCN, as has

been shown in mice (Ferron et al., 2010a). In contrast, there was

no association between the bone resorption marker DPD and TT

in the patient-based sample. This difference might be explained

by the smaller sample size of the patient cohort, or by the assess-

ment of urinary collagen degradation products, exhibiting a

higher biological variability than serum indices of bone resorp-

tion (Hannon et al., 1998). Therefore, additional basic research

and longitudinal studies are required to examine the effect of

osteoclast activity on TT levels.

The relationship between androgens and markers of bone

metabolism received increasing attention over the last years,

with epidemiological, clinical and experimental research sug-

gesting a link between the reproductive system and the skeleton.

Yet, previous studies (Kasperk et al., 1997; Clarke & Khosla, 2009;

Krum, 2011) also produced conflicting results. Although andro-

gen receptors are expressed in human osteoblasts (Kasperk

et al., 1997; Krum, 2011) and studies have suggested a stimula-

tory effect on osteoblast differentiation in vitro, TT and its deriv-

atives were reported to have no effect or to result in a reduction

in OCN expression (Clarke & Khosla, 2009), Previous epidemio-

logical studies (Szulc et al., 2003; Kuchuk et al., 2007; Boonen

et al., 2011) further reported contradictory results regarding the

associations of bone turnover markers with TT. A study among

1040 elderly men demonstrated that bone resorption markers

(DPD and CTX) are increased in hypogonadal men compared to

men with normal TT (Szulc et al., 2003). However, in that study

(Szulc et al., 2003), the free testosterone index as well as the

apparent free testosterone concentration, but not TT, were sig-

nificant determinants of bone formation and bone resorption

markers. Likewise, Kuchuk et al. (Kuchuk et al., 2007) demon-

strated that low serum levels of bioavailable testosterone are

associated with high bone turnover. They found inverse associa-

tions between bioavailable testosterone with bone resorption

(DPD) and bone formation (OCN) among 623 men aged 65–

88 years from Amsterdam (Kuchuk et al., 2007). In contrast, a

cross-sectional survey among 3,120 middle-aged and elderly

European men from the general population found no associa-

tion between TT or free testosterone and bone formation (PINP)

or bone resorption (CTX) in fully adjusted multivariable models

(Boonen et al., 2011). There were also no associations between

testosterone serum levels (TT, free testosterone, free testoster-

one index) and bone resorption or formation markers (OCN,

BAP, DPD, urinary CTX) in 40 middle-aged healthy men and 80

men with osteoporosis (Legrand et al., 2001). The diverse nature

of the studies, including healthy and diseased adult males of dif-

ferent ages and the different laboratory markers and methods

applied to measure TT and the bone turnover markers, contrib-

ute to explain the observed differences of the study results.

In the present, large study, we were able to assess and repli-

cate the population-based observations in a patient-based sam-

ple. Despite the consistent association between OCN and TT in

the two samples, several shortcomings of this study have to be

mentioned. Owing to the cross-sectional nature of the studies,

caution needs to be taken with mechanistic interpretations of

our findings. Thus, we cannot report causality between the TT

and the bone markers. In addition, it was practically impossible

to exclusively obtain morning serum samples in the population-

based sample, given logistical concerns in a large-scale study like

SHIP. Therefore, all laboratory measurements in SHIP were

based on whole-day blood samples, which, however, reflect a

clinical real life situation. Moreover, we investigated the associa-

tion between OCN and TT in morning and afternoon samples

and confirmed the results obtained in the analysis based on

whole-day data. Another limitation of our study is, that we were

not able to study the role of aromatization and oestrogens,

which are also involved in the maintenance of male skeletal

health, in bone remodelling (Callewaert et al., 2010). Further-

more, the assay applied in this study is unable to discriminate

between the different forms of OCN. Although bioactive OCN is

generally considered to correspond to under-carboxylated OCN,

experiments performed in mice have demonstrated that Glu-13

is the most critical residue within the OCN molecule determin-

ing its endocrine functions (Ferron et al., 2010a,b). In humans,

the carboxylation sites of OCN are different (Benton et al., 1995).

and have not been studied sufficiently regarding their relevance

for bioactivity. However, total OCN has proven valuable in con-

firming results of animal studies in humans (Kindblom et al.,

2009; Kirmani et al., 2011) and additionally offers the advantage

of being readily assessable in everyday clinical practice. Finally,

our results are not generally applicable to other ethnic groups or

geographic regions, because they are based on measurements in

Caucasians living in Germany.

In conclusion, using population-based as well as patient-

based study samples, the present investigation shows that OCN,

a marker of bone health, is associated with TT and may thus

indicate general male health status. In addition, this study dem-

onstrates a positive association between CTX and TT, warranting

additional longitudinal studies to confirm these findings. More-

over, our observations emphasize the importance of developing

an assay specifically detecting the active form of OCN in human

serum, because only this will help to define the role of OCN as

an endocrine regulator of glucose homeostasis and male fertility.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of

this article:

Table S1. Associations of total testosterone, SHBG, and free testosterone

with markers of bone remodeling in a population-based sample of

healthy men (n = 1338). A one standard deviation increase in the markers

of bone formation or resorption was modeled.

Table S2. Associations of total testosterone, SHBG, and free testosterone

with markers of bone remodeling after exclusion of 12 men with total T

concentrations >50 nmol/L or <5 nmol/L in the population-based sam-

ple (n = 1326). A one standard deviation increase in the markers of bone

formation or resorption was modeled.
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