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Sex steroids and bone health in men
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The influence of sex steroids on bone in both men and women has long been recognized. In men, however, the relative
contribution of androgens versus estrogens in the regulation of bone metabolism remains uncertain. Animal studies
demonstrate that both estradiol (E2), via activation of estrogen receptor-o, and testosterone (T), via activation of the
androgen receptor, regulate bone mass in male rodents. The main focus of this review is to summarize and discuss
recent findings from the osteoporotic fractures in men (MrOS) cohorts regarding the impact of serum sex steroids

on bone health in elderly men. Collectively, these data demonstrate that serum E2 is directly associated with bone
mineral density (BMD) and that low serum E2 associates with higher rates of bone loss and fracture. In addition, they
substantiate the concept of a threshold E2 level that determines fracture risk in elderly men. We propose that the effect
of E2 on fracture risk is at least partly mediated by its effect on BMD, whereas the more modest effect of T on fracture
risk mainly is mediated by effects on muscle strength and risk of falls. Findings from the MrOS cohorts also demonstrate
that racial and genetic variations in aromatase activity influence serum E2 levels in men. In conclusion, there is
compelling evidence that not only androgens, but also estrogens, are important regulators of bone health in men.
Consequently, E2 should not exclusively be regarded as the ‘female hormone’ but as a sex steroid that is necessary for

maintenance of bone health in men.
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Introduction

Arole of estrogens for bone health in men was first clearly indicated
by the important findings of Smith et al. in 1994, demonstrating
that a man with an estrogen receptor (ER) mutation had reduced
bone mineral density (BMD) and unfused growth plates. Similar
results in men with aromatase deficiency have clearly demon-
strated that ER activation is of importance for the male skeleton.'
Furthermore, although men have lower serum estradiol (E2) levels
than premenopausal women, they have higher E2 levels than post-
menopausal women.>® These findings suggested that E2 might
be a hormone of importance for male bone health.

Animal Studies

Testosterone (T) exerts its effect either directly through the
androgen receptor (AR) or indirectly by aromatization to E2 and
activation of ERa and/or B. All three of these sex-steroid recep-
tors are expressed in bone.”~19 For more details regarding the
downstream effects of sex steroids see Nilsson et al.,'! Riggs
et al.” and Khosla et al.'? Several experimental animal studies

using mice with inactivated sex-steroid receptors demonstrated
that activation of both the ERa and the AR results in a stimula-
tory effect on both the cortical and trabecular bone compart-
ments in males.813-17 |In contrast, ERP is of no importance for
the skeleton in male mice while it modulates the ERa action on
bone in female mice.3:18-20 The relative physiological impor-
tance of ERa versus AR activation for bone mass acquisition in
growing mice and for bone mass maintenance in adult mice is
difficult to determine and depends on the animal model evalu-
ated. In addition, it has been proposed that the membrane G
protein-coupled receptor GPR30 (listed as GPER in the HUGO
Database) is also a functional ER (Figure 1).21:22 Previous
in vitro studies suggest that GPR30 also might be a functional
ER. However, our in vivo analyses of GPR30-inactivated mice
revealed no function of GPR30 for estrogen-mediated effects
on bone mass but it is required for normal regulation of the
growth plate and estrogen-mediated insulin secretion.2324 Thus,
several animal studies suggest that both E2, via activation of
ERa but not ER or GPR30, and T, via activation of the AR,
regulate bone mass in male rodents (Figure 1).
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Figure 1 Summary of possible pathways for androgens to regulate bone mass
in males. Experimental animal studies using mouse models with inactivation of the
androgen receptor (AR), estrogen receptor o (ERar), ERP or the recently suggested ER
GPR30 have demonstrated that the AR and ERa, but not ER[3 or GPR30, are involved in
the regulation of bone mass in males. (Reproduced from Ohlsson and Vandenput? with
permission from the European Society of Endocrinology.)

A major difference between the bone of men and women
is bone size. The larger bone size in men is, at least partly,
due to differences in sex-steroid exposure during sexual mat-
uration.2® By stimulating periosteal bone formation, andro-
gens are thought to increase bone size via AR activation as
suggested by studies in rodents.26:27 |n addition, we found that
male ERa-inactivated mice displayed reduced cortical radial
bone growth during sexual maturation, demonstrating that also
ERa activation is required for radial bone expansion in males
during growth.4

Given the fact that activation of ERa increases bone mass in
male rodents, this receptor might be an interesting drug target
for osteoporosis in men. Estrogen therapy in women is associ-
ated with side effects such as breast cancer and thromboembo-
lism.28:29 Thus, it would be beneficial to develop a bone-specific
estrogen treatment. To achieve this, it will be crucial to charac-
terize the signaling pathways of estrogen in bone versus other
tissues. ERa is the major ER for the bone-sparing effect of
estrogens not only in males but also in females. ERa stimulates
target gene transcription through two activation functions (AFs),
AF-1 in the N-terminal and AF-2 in the ligand-binding domain.
To evaluate the role of ERa AF-1 and ERa AF-2 for the effects
of estrogen in bone and other estrogen-sensitive tissues in vivo,
we recently analyzed mouse models lacking the entire ERa pro-
tein, ERa AF-1 or ERa AF-2. ERa AF-2 was required for the
estrogenic effects on all parameters evaluated, whereas the role
of ERa AF-1 was tissue-specific, with a crucial role in trabecu-
lar bone and reproductive tissues but not in cortical bone or
for the vasculoprotective actions of E2.29:30 The mechanism
behind the crucial role of ERa AF-1 in the trabecular but not
the cortical bone is unknown. It might include different expres-
sion patterns of coregulators in trabecular versus cortical bone.
In vitro studies have revealed that the steroid receptor coactiva-
tor (SRC)-1 is cooperatively recruited by AF-1 and AF-2 in ERx.3
Importantly, when ovariectomized SRC-1 knock-out mice were
treated with E2, the normal estrogenic response was absent in
trabecular bone, whereas it was normal in cortical bone.32 Thus,
these estrogenic responses in the SRC-1 knock-out mice show
a similar pattern as the results found for mice with a specific
ERa AF-1 inactivation, suggesting that SRC-1 might be involved
in the AF-1-dependent E2 effects in trabecular bone but not
in the AF-1-independent E2 effects in cortical bone. The ERa

AF-1-independent effect of E2 on cortical bone is of interest as
Khosla et al.'? recently proposed that the main physiological
target for estrogen in bone is cortical and not trabecular bone. This
statement is based on a number of observations. First, detailed
clinical investigations using computer tomography revealed that
the trabecular bone loss begins in sex hormone-replete young
adults of both sexes and might be the result of cell autonomous
age-related factors as suggested by Manolagas.'?33 Second,
the same studies, using computer tomography, demonstrated
that the onset of cortical bone loss in humans is closely tied to
estrogen deficiency.'2 Thus, for cortical bone, which comprises
more than 80% of the skeleton and is likely the major contributor
to overall fracture risk, there are data supporting the view that
estrogen deficiency is the major cause of bone loss.'2 These
findings suggest that selective ER modulators stimulating ERa
with minimal activation of ERa AF-1 could retain clinical impor-
tant beneficial actions in cortical bone and on vascular protec-
tion while minimizing the effects in reproductive organs.29-30

Clinical Studies

Serum levels of free and bioavailable androgens decrease
in aging men, and these changes coincide with an age-
related increase in the level of sex hormone-binding globulin
(SHBG).434 Levels of free and bioavailable estrogens decrease
as well, whereas the decrease in total E2 levels in men is not
well documented. In this section, the relative role of serum T
and E2 for BMD, BMD loss and fracture risk in elderly men
will be discussed. Most observational studies demonstrate
that serum E2 and especially bioavailable E2 (bioE2) correlate
better with BMD at various sites than serum T does in men.35-44
Moreover, prospective studies have shown that serum E2 is
the best predictor of both the increase in bone mass in young
men and the decrease of BMD in elderly men.522:4546 |n g key
publication, Khosla et al.® proposed that a threshold level for
bioE2 of 40 pmoll~T (11 pgmli~1) exists, below which the rate
of bone loss at the radius and ulna is associated with levels of
bioE2 in men. A similar threshold for E2 was reported in elderly
men by Gennari et al.*6 for bone loss at the femoral neck and
lumbar spine.

The osteoporotic fractures in men (MrOS) cohorts in the US
(n=5995), Sweden (n=3014) and Hong Kong (n=2000) were
initiated as large observational studies to identify determinants
of fracture risk in older men. To investigate the relation between
serum sex steroids and BMD, BMD loss and fracture risk in
elderly men, these three large, well-characterized, prospec-
tive cohorts were recently evaluated.*”-50 The protocols used
for the MrOS cohorts are similar, but it should be noted that
they are three separate cohorts and slightly different statistical
models have been used in the resulting articles summarized in this
section. Some early publications from MrOS US and MrOS
Sweden presented associations between serum sex steroids
analyzed by immunoassay-based techniques and BMD.43:51:52
However, later on it became apparent that especially for E2,
there is a questionable specificity at lower concentrations when
using immunoassay-based techniques. Therefore, golden
standard mass spectrometry (MS)-based analyses of serum
E2 and T were performed in all three MrOS cohorts. In the
MrOS cohorts in Sweden and Hong Kong, MS analyses were
performed in the laboratory of Professor Labrie in Quebec,
Canada, whereas the serum samples of the MrOS US cohort
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a Cross-sectional associations with
total Hip BMD in MrOS cohorts

Sweden E2 BioE2 T BioT SHBG
Adjusted for Age and BMI 0.13 0.17 0.01 0.08 -0.10
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Figure2 Summary of the associations between serum sex steroids and total hip BMD in the three MrOS cohorts. (a) Cross-sectional association: partial correlation adjusted for
the indicated covariates are given for the MrOS US and Sweden cohorts, whereas Spearman correlation coefficients are given for the MrOS Hong Kong cohort. Bold values indicate
significant association. (b) BMD loss: serum bioavailable E2 was evaluated in quartiles in the MrOS Hong Kong cohort and in quintiles in the MrOS US cohort.*®50 (Figure 2b is

adapted from Woo et al.5 with permission from the International Osteoporosis Foundation).

were analyzed by MS at a commercial US-based company.
To be able to compare the results between the different MrOS
cohorts, thorough cross-calibrations between the two labora-
tories used were performed.?2 In the following description and
discussion of the results, we will focus on the results derived
from the more reliable MS-based analyses of serum sex ster-
oids.

Serum sex steroids and BMD/BMD loss in the MrOS
cohorts. Cross-sectional studies demonstrated that E2 and
bioE2 were directly associated with BMD in all three MrOS
cohorts while no association or clearly weaker associations
were seen for T and bioavailable T/free T (Figure 2a). The
associations between serum sex steroids and BMD loss have
thus far been evaluated in the MrOS Hong Kong and MrOS US
cohorts. In the Hong Kong cohort, serum bioE2 was evaluated
in quartiles and subjects in the lowest quartile had the highest
hip BMD loss (Figure 2b).5° The average BMD loss in the low-
est quartile was more than two times higher than that seen in
the highest quartile. In the US cohort, serum bioE2 was evalu-
ated in quintiles. The association seen was less pronounced but
the lowest quintile had the highest hip BMD loss and the P for
trend was significant (Figure 2b).? In contrast, serum T was not
independently associated with BMD loss in this population.
These results from the MrOS cohorts support the notion that
estrogen is crucial for the maintenance of BMD in elderly
Caucasian and Asian men.

Serum sex steroids and fracture risk in the MrOS cohorts. As
fracture risk is not only dependent on BMD, it is important to
determine the impact of serum sex steroids on risk of fractures.

BoneKEy Reports | JANUARY 2012

There are conflicting reports regarding the association between
serum sex steroids and fracture risk as analyzed in prospec-
tive studies. Neither serum E2 nor serum T predicted risk of
fractures in the Rotterdam study, which included 45 men with
vertebral fractures,?* or in the Tromsé study, which included
105 men with non-vertebral fractures.55 An 18-year follow-
up of the Framingham study, which included 39 men with hip
fractures, showed that low E2, but not low T, was a predictor
of fracture risk.56 By contrast, from the Dubbo Osteoporosis
epidemiology study, which included 113 men with fractures,
it was reported that serum levels of T, but not E2, predicted
the risk of fractures.5” These contradictory findings might be
explained by the fact that the above-mentioned prospective
studies were underpowered and that these studies, except the
Dubbo Osteoporosis study, measured participants’ sex-steroid
levels with immunoassay-based techniques. To investigate
the relation between serum sex steroids and fracture risk in
well-powered cohorts of elderly men with serum sex steroids
analyzed by MS, we recently evaluated the three MrOS cohorts
in independent analyses.*7-48:50 The MrOS Sweden fracture
study was population-based including 2639 men with an aver-
age age of 75 years. Subjects were followed in average for 3.3
years and 209 subjects with incident X-ray verified fractures
were identified.*” The MrOS US fracture study was a case-
cohort study including as many as 342 older men with non-
vertebral fractures with an average follow-up of 4.7 years.*8 The
MrOS Hong Kong fracture study included 1489 older Chinese
men who were followed in average for 4 years and included 118
men with non-vertebral fractures.?? The fracture data from the
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Figure 3  Serum estradiol (E2) and fracture risk in the three MrOS cohorts. Red dotted lines indicate the threshold levels for the association between serum E2/bioE2 and fracture
risk. (@) MrOS Sweden (adapted from Mellstrém et al.4” with permission from the American Society for Bone and Mineral Research). (b) MrOS US (adapted from LeBlanc et al.*8 with
permission from The Endocrine Society). (¢) MrOS Hong Kong (adapted from Woo et al.% with permission from the International Osteoporosis Foundation).

Swedish MrOS cohort was first reported in 2008, demonstrating
that serum E2 as well as T (both total and free) were inversely
associated with the risk of fracture when analyzed separately.4”
However, low E2 but not low T was an independent predictor of
fracture risk. The inverse relationship between serum E2 levels
and fracture risk was nonlinear, supported by the fact that the
association between E2 and yearly incidence of fractures was
mainly seen for the 25% of the subjects with serum E2 lower
than 16 pgml=" (59 pmoll-1, Figure 3a).

The main findings from the Swedish MrOS cohort were
confirmed in the MrOS US fracture study, demonstrating that
both low bioE2 and low bioT were associated with increased
fracture risk.#® Analyses including both bioE2 and bioT sug-
gested that low bioE2, but not low bioT, was an independent
predictor of fracture. Spline models demonstrated that the
relation between bioE2 and risk of fractures in the MrOS US
cohort was nonlinear with an inverse association in the lower
range (< 12.5pgml=") of bioE2 (Figure 3b). The MrOS Hong
Kong fracture data was recently reported, essentially confirm-
ing the main findings from the MrOS Sweden and US cohorts.50
Spline models demonstrated that the fracture risk was clearly
elevated below an E2 threshold of 16 pgml~" (Figure 3c), which
is similar to the threshold seen in the Swedish MrOS cohort. For
bioE2, this threshold was 12.5pgml=1, which is very similar to
the MrOS US threshold.#8:50 Thus, the findings from the three
MrOS cohorts substantiate the important concept of a threshold
E2 level that determines fracture risk in elderly men.

The effect of E2 on fracture risk was attenuated by adjust-
ment for BMD in all three cohorts.47:48:50 However, in the MrOS
Sweden and US cohorts, E2 remained significantly associated
with fracture risk after BMD adjustment, suggesting that the
effect of E2 on fracture risk is at least partly independent of
areal BMD as analyzed by dual-energy X-ray absorptiometry.
The fracture data from the three MrOS cohorts demonstrate
that serum E2 is a risk marker for fractures not only in elderly

Caucasian men but also in Asian men. Further studies should
determine the clinical usefulness of adding serum E2/bioE2
analyses to established fracture risk markers and in detail char-
acterize the E2 threshold for fracture risk in men. In addition,
we propose that if serum E2 is going to be used in the clinical
setting, standardized MS-based assays should be used.

Besides low serum E2/bioE2, high SHBG levels were con-
sistently associated with an increased fracture risk in all three
MrOS cohorts. In MrOS US, a significant interaction between
SHBG and bioT resulted in that men with low bioT and high
SHBG were at higher fracture risk. However, one should be
cautious in the interpretation of this interaction as SHBG was
actually used in the calculation of bioT and further studies are
required to confirm and determine the impact of this possible
interaction.48

In Figure 4, we summarize our proposed roles of E2 and
T for fracture risk in elderly men. E2 increases/preserves
the areal BMD, which in turn reduces fracture risk. As the
association between E2 and fracture risk partly remained
after BMD adjustment, we believe that also other mecha-
nisms are involved such as effects on bone dimensions and
volumetric BMD, not revealed by dual-energy X-ray absor-
ptiometry analyses. For T, there is no major direct influence
on BMD. However, as T is the direct precursor of E2, T also
has an effect on BMD indirectly via E2. In addition, there are
convincing data demonstrating that T treatment increases
muscle strength and in the MrOS US study, low serum T is asso-
ciated with increased risk of falls; these non-bone parameters
might contribute to the association with fracture risk described
for low T in some studies (Figure 4).58

Regulation of Serum Sex Steroids in Men

As delineated above, it is clear that serum E2 is a major regulator
of male bone health but little is known about the major determi-
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nants of serum E2 and/or its precursor T. Sex-steroid metabolism
is complex and includes several enzymatic steps, which can
be influenced both by genetic and environmental factors
(Figure 5). Despite considerable racial and geographical differ-
ences in the incidence of diseases that may be associated with
sex-steroid action in men, variations in sex-steroid levels among
male populations are scarcely documented.5®

To examine racial and geographic differences in sex hor-
mone levels, we assembled a large international group of
older men including, but not limited to, the three MrOS cohorts
and measured the serum levels of estrogens and androgens
as well as their precursors and metabolites (Figure 5).5° This
design enabled us to, at least partly, separate racial factors
from geographical/environmental factors. In total, 5003 older

Proposed Roles of E2 and T for Bone Health in Elderly Men
Estradiol {\ Testosterone
Bone dimensions l

Volumetric BMD Muscle strength
Other mechanisms Risk of falls

v A/

Fracture risk ?

Figure 4 The authors’ proposed roles of estradiol (E2) and testosterone (T) for bone
health in elderly men.
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men were included with an average age of 74 years and morn-
ing samples were collected for serum sex steroid analyses.
Thirteen different sex steroids, precursors and metabolites were
analyzed by MS (Figure 5) and as described below we iden-
tified substantial geographical and racial variations in serum
sex-steroid levels.

Geographical variations. We found that there was geographi-
cal variation in the levels of serum T. Asian men in Hong Kong
and Japan, but not in the United States, had levels of total T
~20% higher than in other groups. However, this geographi-
cal variation in serum T disappeared after body mass index
adjustment. Nevertheless, as a result of geographical hetero-
geneity, the proportion of men with T levels suggestive of low
T (<230ngdI~")80 differed between populations (e.g., 5-6% in
US and Swedish men; 3% in Hong Kong and Japanese men;
Figure 5).

Racial variations. In addition to the effects of geography, two
consistent racial patterns were found. First, Black men had
higher estrogen (E2 and estrone) levels than Caucasians or
Asians. Moreover, in Blacks the ratios of total E2/total T and
estrone/androstenedione (4-dione), suggestive of aromatase
activity, were increased compared with other groups (Figure 5).
Importantly, these differences in estrogen levels may have health
implications, including effects on male bone metabolism. For
instance, femoral cortical thickness and trabecular bone density
are greater in Black men and they have lower hip fracture rates,
findings that are consistent with higher estrogen levels.?1-63 |n
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our study, considerably fewer Black men had E2 levels below a
threshold level reported to be associated with increased fracture
risk.47:48.50 Second, Asian men had lower levels of glucuronidated
androgen metabolites (Figure 5), suggesting that there are clear
racial differences in androgen degradation. Of potential physi-
ological importance, serum levels of glucuronidated androgen
metabolites have been described to be more strongly related
to bone parameters than serum T.64

Serum estrogens. The majority of estrogens in elderly men do
not originate from the testes but from the peripheral conversion
of androgens, suggesting that genetic variations in peripheral
aromatase activity might influence serum estrogen levels. This
notion is supported by a report demonstrating that elderly men
who have a high number of TTTA repeats in CYP19A1 (the aro-
matase gene) had higher E2 levels, lower rates of bone loss and
fewer fractures than men with a low number of such repeats.®°
In an extensive large-scale (n=5531 men) evaluation of 604
single-nucleotide polymorphisms in 50 sex-steroid-related can-
didate genes, we identified a single-nucleotide polymorphism
in the .4 promoter region of CYP19A1 that was strongly asso-
ciated with serum E2 levels in men (P=10""4).53 Interestingly,
men with the GG genotype of this CYP19A1 polymorphism not
only had markedly elevated E2 levels, but also a higher lumbar
spine BMD and fewer fractures than those with the GA or AA
genotypes.*53 These genetic findings in CYP19A1, together
with the aforementioned higher estrogen levels and aromatase
activity in Black men, demonstrate that genetic variations in
aromatase are major determinants of serum E2 levels and sug-
gest that these variations indirectly might influence male bone
health via altered E2 activity.

Serum T. Studies in male twins indicate that there is a strong
heritability of serum T.86 However, the genetic determinants of
serum T and the genetic risk factors for low concentrations are
poorly understood. In an international consortium, we therefore
recently performed a large-scale meta-analysis of genome-wide
association studies to examine the effects of common genetic
variants on serum T concentrations. By examining 14429 men,
we showed that genetic variants in the SHBG locus and on the
X chromosome (near FAM9B) are associated with a substantial
variation in serum T concentrations and increased risk of low
T. Importantly, we identified the first known genetic variant that
affects SHBG’s affinity for binding T and the free T fraction and
could therefore influence the calculation of free T. This finding
suggests that individual-based SHBG-T affinity constants are
required depending on the genotype of this single-nucleotide
polymorphism.67

Summary

Both E2, via activation of ERa, and T, via activation of the AR,
regulate bone mass in male rodents. The results from the MrOS
cohorts demonstrate that E2 is directly associated with BMD
and that low E2 is associated with higher rates of bone loss
and an increased fracture risk in elderly men. In addition, they
substantiate the concept of a threshold E2 level that determines
fracture risk in elderly men. We propose that the effect of E2
on fracture risk is, at least partly, mediated via its effect on
BMD, whereas the more modest effect of T on fracture risk
mainly is mediated via effects on muscle strength and risk of
falls. Findings from the MrOS cohorts demonstrate that racial
and genetic variations in aromatase activity substantially influ-
ence serum E2 levels in men and there are indications that

genetic differences in the CYP19A17 gene could influence male
bone health. Thus, there is compelling evidence that not only
androgens, but also estrogens, are important regulators of
bone health in men. Consequently, E2 should not exclusively
be regarded as the ‘female hormone’ but as a sex steroid that
is also necessary for maintenance of bone health and perhaps
other physiological functions in men.
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