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Abstract

Sexual dimorphism in bone structure has been considered to result from divergent actions of sex steroid
hormones, i.e., androgens being stimulatory and estrogens being inhibitory for periosteal bone expansion.
This traditional concept has been challenged by observations in male mice and men unable to produce or
respond to estrogens, which demonstrate that both androgens and estrogens are necessary for maximal
periosteal expansion. Besides this complex hormonal regulation, mechanical loading is another important
determinant of radial bone expansion. However, neither hormonal nor mechanical stimuli alone are able to
explain periosteal bone expansion and the interaction between both stimuli may be of particular importance

for the acquisition of an optimal bone size. IBMS BoneKEy. 2008 April;5(4):130-136.
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Introduction

Puberty has a fundamental role in skeletal
growth and maturation. The cumulative (or
total) bone mass acquired during puberty is
more pronounced in males than females and
the periosteum appears to be the major site
in this process, whether this is due to a
higher bone formation rate (per bone
surface unit) and/or to a longer period of
bone accrual in males (1;2). Periosteal bone
formation and the resulting increase in bone
size contribute to a great extent to bone
strength as the resistance of bone to
bending is related exponentially to its
diameter (3). Moreover, bone size has been
linked to fracture risk (4) and so the sexual
dimorphism in bone structure can explain
the sex differences in fracture occurrence.
Several determinants have been considered
to affect periosteal apposition, i.e., sex, race,
genetic and  environmental  factors,
hormones and mechanical loading. In this
Perspective we will focus on the different
theories or mechanisms that may underlie
the more pronounced periosteal bone
expansion in men (Table 1). In particular,
hormonal (mainly sex steroids) and
mechanical stimuli of bone will be

considered as well as the interaction
between both stimuli.

Hormonal Theory of Sex Steroid Action
on Periosteal Bone Expansion

In light of the sex differences in bone size
and consequently bone strength, sex
steroids have been proposed as key
regulators in bone mineral accumulation
during puberty. In this respect, a study in
growing male and female rats, published in
1990 by Turner et al. (5), showed for the first
time that periosteal bone formation was
decreased in orchidectomized male rats, but
was increased in ovariectomized female
rats. This study led to the traditional concept
that androgens in males are stimulatory and
estrogens in females are inhibitory for
periosteal bone expansion. In addition, the
orchidectomy-induced bone loss in males
could be reversed by androgens (6), and
thus androgens were supposed to be
exclusively responsible for the typical male
bone phenotype. Further evidence for direct
androgen receptor (AR)-mediated androgen
action was provided by the decreased
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Recent observations

Estrogens are also required in the
establishment of the typical male
bone phenotype as shown by
studies in mice and men unable to
produce or respond to estrogens
(D. Vanderschueren, R. Bouillon,
C. Ohlsson). Estrogen action may
be modulated by interactions with
the GH/IGF-I axis (D.
Vanderschueren, C. Ohlsson).

According to some, estrogens
lower the mechanical setpoint and
thus increase the responsiveness
of the periosteum to load (H. Frost,
L. Lanyon), whereas according to
others  estrogens inhibit the
responsiveness of the periosteum
to load (L. Saxon, C. Turner, T.
Jarvinen)

Theory Original observations

Hormonal Periosteal bone expansion is

theory regulated by the stimulatory action of
androgens and the inhibitory action of
estrogens as shown by studies in
castrated male and female rats (R.
Turner)

Mechanostat Periosteal bone  expansion s

theory regulated by the mechanostat that
senses mechanical strain (setpoint)
and responds to it by adapting bone
geometry (H. Frost)

Interaction Sex steroids, in particular estrogen,

theory modulate the response of periosteal
bone to loading as shown by exercise
studies in humans and rodents.

Receptor ER is involved in the adaptive

theory response of bone to mechanical
loading as shown in vitro and in vivo.

ERa is involved in the stimulatory
action of mechanical loading on
female bone (L. Lanyon), whereas
ERB inhibits the response to
mechanical loading (L. Saxon, C.
Turner)

Table 1. Overview of the different theories on sex steroids and periosteal bone expansion.

cortical bone size in rats and mice with
either a natural mutation or a genetic
manipulation of the gene encoding the AR
(6). Also, patients affected by the complete
androgen insensitivity syndrome (cAlS) have
low bone mass and thus provide arguments
for a direct role of androgens on male bone
growth (7).

However, the role of sex steroids in
periosteal bone growth, and in particular in
periosteal bone growth in males, appeared
to be much more complex than originally
anticipated. The observation that men
unable to produce or respond to estrogens
were osteopenic suggested that estrogens

may be critically involved in male skeletal
maturation as well (8-10). Likewise, a
reduced bone size in growing male mice and
rats treated with an aromatase inhibitor and
in estrogen receptor a (ERa)-disrupted male
mice further supported a role for estrogens
in male periosteal growth (6). Along the
same line, in an adolescent boy with
aromatase deficiency and slightly
supranormal endogenous testosterone (T)
production, pubertal periosteal bone growth
started only when Ilow dose estrogen
replacement therapy was initiated (10). In
addition, administration of T plus an
aromatase inhibitor diminished radial bone
expansion in growing male mice, indicating
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that androgen action on periosteal growth is
partly dependent on aromatization into
estrogens (11). Recently, a combined
treatment of T plus 17B-estradiol (E,) in an
aromatase-deficient patient with  mild
hypogonadism was reported to result in an
optimal gain in BMD and cortical thickness
than either treatment alone (12).

Effects of estrogens on bone size, at least in
rodents, are very often associated with
changes in systemic insulin-like growth
factor-I (IGF-I) (13;14), which suggests that
estrogen-related changes in systemic IGF-I|
may mediate estrogen action on periosteal
bone. In this respect, not only sex steroids
but also other regulatory hormones such as
growth hormone (GH) and IGF-I are
essential for periosteal bone expansion as
demonstrated by the fact that GH receptor
(GHR)- and IGF-I gene-disrupted mice have
extremely short and thin bones (15). IGF-I
levels in aromatase deficient men have not
been reported thus far and so it is presently
unclear whether the estrogen stimulatory
effects on bone in these men may be
explained by changes in GH/IGF-I.

The study of sex steroid action on periosteal
bone provides evidence for a major
contribution of direct AR-mediated androgen
action in the regulation of male periosteal
bone expansion. However, observations that
optimal periosteal bone expansion is only
observed in the presence of both AR and
ERa activation indicate that E, is necessary
as a permissive factor for the anabolic action
of androgens on male bone. The remaining
question, however, is how AR and ER
activation generate this periosteal bone
expansion. Are the effects direct or indirect
and what are the molecular mechanisms of
action?

Mechanostat Theory of Sex Steroid
Action on Periosteal Bone Expansion

The hormonal theory is challenged by the
mechanostat theory. According to the
mechanostat theory originally elaborated by
Harold Frost (16), skeletal growth is fully
regulated by a dominant feedback system
(the 'mechanostat’) that senses mechanical
strain generated by muscle contraction and
skeletal loading and thereby adapts bone

modeling and remodeling. In healthy bone,
the feedback system adjusts bone mass to
keep peak mechanical strains in bone within
an acceptable range. Thus, when
mechanical strain exceeds a certain limit
(set point), osteocytes might sense this and
send out signals that lead to adaptations in
bone mass and architecture (17). Body
weight and in particular muscle mass
continuously generate mechanical strain in
bone and thus greater body weight and
more muscle mass is supposed to translate
into more bone. In this respect, men not only
have higher body weight and muscle mass
but also have a higher growth rate than
women during puberty (18); as a result,
mechanical load is supposed to be greater
in males. Sex differences in bone size may
therefore be predictable and largely
explained by the mechanostat theory. This
theory also implies that sex steroids only
indirectly affect bone size by stimulation of
muscle mass and subsequent mechanical
loading of the skeleton or by changing the
responsiveness of bone to mechanical
loading. Detailed analysis of the bone
phenotype of genetically modified mice with
low or high muscle mass could help to clarify
this hypothesis.

Interaction Theory of Sex Steroids and
Mechanical Loading in Their Effects on
Periosteal Bone Expansion

If there would be absolutely no interaction of
sex with the mechanostat, bone mineral
content (BMC) relative to body weight
should be the same in males and females.
However, studies in rodents and humans
showed that this is not the case and so this
challenged Frost’s original mechanostat
theory. Indeed, female rats have more bone
than male rats relative to body weight over a
wide range of body weights (19;20). In a
study of Argentine boys and girls, a similar
evolution is observed during puberty: bone
mass increases along with lean body mass
during growth, but the increase in bone
mass relative to muscle mass is significantly
greater in girls than boys during puberty (21;
22). Frost subsequently assumed that
estrogens lower the mechanical setpoint in
females and so less mechanical strain would
be required to initiate bone formation in
females (23). As a result, estrogens would

132

Copyright 2008 International Bone & Mineral Society



IBMS BoneKEy. 2008 April;5(4):130-136

http://www.bonekey-ibms.org/cgi/content/full/ibmske;5/4/130

doi: 10.1138/20080308

stimulate more bone than is needed
mechanically. The extra bone, however, is
accumulated at the inner bone surfaces,
namely endocortical and trabecular bone,
and does not confer additional advantage
towards bending strength (24). This led
others to conclude that the mechanostat
theory fails to explain the interaction
between loading (by means of exercise) and
estrogen on periosteal bone formation (24;
25). According to the group of Saxon and
Turner, the responsiveness of periosteal
bone to load is rather decreased by
estrogens and not increased as was
proposed by Frost. Support for this concept
comes from exercise studies that show a
more beneficial effect on periosteal bone in
prepubertal girls (low estrogen) than in
postpubertal girls (high estrogen) (26;27).
Also, Jarvinen et al. showed that the skeletal
response of estrogen-depleted female rats
to exercise is higher compared with their
estrogen-repleted counterparts (28).
Moreover, the periosteal bone of intact
female rats does not respond to exercise in
contrast to intact male rats that show a
significant periosteal response to load (28).
Although the theories of Frost versus Saxon
and Turner on the role of estrogens in
periosteal bone expansion seem
contradictory, one may speculate that they
reflect different exposure to endogenous
estrogens. Low levels of estrogen may
increase the mechanical sensitivity of the
periosteum and/or affect systemic IGF-I
levels. Alternatively, higher concentrations of
estrogen may inhibit periosteal bone
expansion and its interaction  with
mechanical loading. In order to further clarify
the interaction between estrogens and
mechanical loading, one has to consider not
only a potential role of different exposure to
estrogen concentrations, but also the role of
the ER subtypes, ERa and ERf, and their
differential actions on the male and female
skeleton during loading.

Receptor Theory of the Interaction
Between Sex Steroids and Mechanical
Loading in Their Effects on Periosteal
Bone Expansion

It becomes increasingly clear that the
skeletal response to mechanical loading is
sex-specific and that neither the hormonal

theory nor the mechanostat theory alone is
able to explain the regulation of periosteal
bone expansion. Thus, somehow the
mechanostat theory (mechanical loading)
interferes with the hormonal theory (sex
steroids and/or their receptors) in the
response of periosteal bone to load. Indeed,
recent in vitro and in vivo observations
support the notion that sex steroids and their
receptors and mechanical strain share
common elements in their respective
signaling mechanisms. These observations
particularly focused on the role of the ER in
the mediation of mechanical loading
responses. The group of Lanyon expanded
on Frost's mechanostat theory and
questioned whether the ER influenced bone
cells’ adaptive response to mechanical
strain. Strain stimulates the in vitro
proliferation of osteoblast-like cells, derived
from female and male bone, by a
mechanism involving the ER as this
response could be blocked by the ER
modulators ICl 182,780 and tamoxifen but
not by the AR antagonist hydroxyflutamide
(29-31). In addition, periosteal bone
formation in vivo is significantly reduced in
female ERa KO mice, indicating that in the
absence of ERa the adaptive response of
bone to loading is less effective (32). In the
context of osteoporosis, this implies that low
estrogen levels in association with the down-
regulation of the ERa result in a reduced
ability of bone cells to adapt to loading and
to maintain structural strength (33).

The group of Saxon and Turner proposed
further refinement of the interactions
between loading and estrogen and
hypothesized that ERa stimulated bone
formation on the endocortical surface via
ERa but inhibited bone formation on the
periosteum via ERP. Disruption of ERP
indeed increased periosteal bone formation
following loading in female mice but not
male mice (34), indicating that estrogen
signaling through ERP suppresses the
loading response of the female skeleton.
The increased bone size in female, but not
male, ERB KO mice (13;35) further supports
the notion that ERB may act as an anti-
mechanostat (25). Moreover, enhanced
proliferation of ERB null osteoblasts
following loading has also been
demonstrated in vitro (36). The idea of ERf
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acting as an anti-mechanostat would also fit
with the hypothesis of a concentration-
dependent effect of estrogens; i.e., high
estrogen levels in females activate ERR,
whereas low estrogen levels in males do
not. This idea would also fit with the
presence of a cortical phenotype in female,
but not male, ERB KO mice. Whether the
cortical phenotype in response to load in
these ER-disrupted mice may be affected by
changes in systemic IGF-I is unknown as
IGF-I levels were reported to be increased in
females by some (14) but not all reports
(34). Whether ERa plays a similar role in the
loading response in males as in females is
not known. Also, a potential role of
androgens and the AR, GH/IGF-I and
receptors, muscle and fat mass and fat
hormones has not yet been fully explored.

Summary

The regulation of periosteal bone expansion
during puberty is more complex than
originally anticipated. Significant progress
was made by intriguing observations
concerning bone size in men and mice with
an inactivating mutation of the ERa gene or
aromatase gene and by using loading
techniques in transgenic mice. These
observations showed that AR and ER
activation are both needed for male
periosteal bone formation. This finding can
be reconciled with the traditional concept by
Turner et al. when a dose-dependent effect
of estrogen is being considered, i.e., low
dose may be stimulatory (prepubertal,
males, postmenopausal), whereas high
dose may be inhibitory, potentially via
activation of specific ER  subtypes.
Moreover, periosteal bone apposition is not
dependent on either different hormonal or
mechanical stimuli alone but rather on their
mutual interactions, i.e., mechanical loading
is clearly stimulatory for bone but appears
sex steroid hormone-dependent. As the
difference in fracture rates between men
and women to a great extent depend on
bone geometry and bone strength, better
insight into the regulation of periosteal bone
formation will provide new therapeutic
potential.
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