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How do women develop fragile bones?
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1. Introduction

During childhood, while oestrogen levels are low
compared to those in adult women, the skeleton ex-
pands rapidly. But no one knows how our bones regu-
late their growth so as to precisely match their eventual
architecture to the mechanical loading environment
experienced by the young adult. Giant strides are cur-
rently being made towards defining the molecular
mechanisms regulating the growth of embryonic limb
buds and their subsequent development, as well as of
other parts of the skeleton. It is clear that specialised
mechanisms exist which permits the skeleton to expand
in an orderly fashion, so as to eventually reach adult
size with sufficient (but not excessive) strength and the
provision of mechanically efficient leverage for the mus-
cles. There are also, in rodents and probably in man,
genetic determinants of the density of bones; as yet,
however, there are no fully defined molecular pathways
by which bone density might be influenced in response
to these genes. Clearly, therefore, conceptually there are
a number of ways by which different women might
have varying levels of skeletal susceptibility to oestro-
gen exposure or its withdrawal.

Internally, bones are remarkably well adapted to
resist the forces that are regularly placed upon them by
muscles or impact reactions. Thus the cancellous bone
found at the ends of all long bones is specifically
oriented to resist the forces arising from the neighbour-
ing joints. At the proximal end of the femur, which is
basically a cantilever structure, the trabeculae follow
the major lines of force arising from the joint and the
attachments of the major groups of muscles around the
joint. The virtue of cancellous over compact bone as a
material from which to make the ends of long bones is

that it is more deformable. Thus it can accept more
strain (deformation) before it begins to suffer structural
damage, being in its properties intermediary between
cartilage and compact bone in this respect. Without
their largely cancellous ends, the hard parts of the
skeleton might well be too unyielding to permit the
long-term survival of healthy joint cartilage. In the
mid-shafts of long bones, the increased strength of
compact bone gives it a structural advantage.

It is crucial for the survival of nearly all vertebrates
that their bones can accept sudden, occasional, very
large forces, which are outside the range generally
experienced. In any case, like nearly all hard materials,
bone that is not renewed gradually suffers structural
damage over many cycles of repeated loading, so the
skeleton has to be somewhat mechanically over-spe-
cified (at least apparently) at the growth stage and
after. However microdamage of bone, as with other
hard materials, does not lead directly to fracture. In a
single cycle of bending, if the load applied produces
strain that exceeds the material’s elastic limit, the bone
enters a phase of plastic deformation. Being a com-
posite material, the internal stresses within a bone are
relieved by the generation of microscopic cracks, which
it is as well for the animal’s health should remain
microscopic [1]. If the bone requires a very large addi-
tional load to be applied before it finally breaks, after
the elastic limit has been passed, it is described as not
being brittle. If the reverse is the case it is brittle. It is
a characteristic of aged bones that they are more brittle
than young bones. To the extent that bone’s material
properties have been investigated as a cause of this, it
seems likely that microscopic cracks in elderly bone are
likely to be longer than in young bone, implying that
the physical mechanisms that normally ‘capture’ devel-
oping cracks and prevent then spreading further or
coalescing into macrocracks work less well [2].

There has been much consideration given to the
purpose or purposes of bone remodelling. Remodelling
is the process by which bone is renewed in microscopic
packets where old bone has preceded it. Modelling is
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the process by which bones alter their macroscopic
shape by adding bone in one place and removing it in
another. Remodelling requires that removal and forma-
tion of bone should be sequential as well as spatially
co-ordinated [3]. Bone that has been killed cannot
remodel; although blood-born osteoclasts may gain ac-
cess, given a blood supply, osteoblasts are derived
locally from adjacent bone surfaces or bone marrow. It
is known clinically that dead bone (osteonecrosis) suf-
fers the gradual degradation of its mechanical proper-
ties and eventually collapses (cancellous bone) or
fractures (cortical bone). It seemed natural therefore to
assume that remodelling of live bone prevents this by
replacing bone before it experiences too many cycles of
loading. However it was only quite recently that Mori
and Burr were able to demonstrate that bone loaded to
the point of accumulating microdamage abnormally
quickly was preferentially remodelled [4]. The relevance
of oestrogen to this process remains speculative and is
discussed later.

It has long been known that with the onset of
puberty and exposure of the skeleton to adult levels of
oestradiol, bone density increases rapidly, bone
turnover declines and resistance to fracture increases
remarkably. So Albright’s discovery [5] that the most
common form of osteoporosis results from oestrogen
deficiency led naturally, when oestrogen preparations
became available, to their use in osteoporosis preven-
tion. Much later it was discovered that men without
functioning aromatase, who therefore cannot convert
testosterone into oestradiol [6], or who are insensitive to
oestrogens because they have dysfunctional oestrogen
receptors [7], become osteoporotic. In the case of the
man with oestrogen deficiency, his osteoporosis could
be treated with low-dose oestrogen replacement [6].
This illuminated and simplified our understanding of
the central role of oestrogens in the maintenance of the
adult skeleton. It also helped redefine our thinking
about the appropriate dose of oestrogen for replace-
ment therapy in older women.

An apparent consequence of the adaptability of the
skeleton to its loading environment is its propensity to
remove bone that does not experience loading. If the
skeleton is unloaded generally, this can lead to ‘disuse
osteoporosis’ [8]. The young skeleton can of course add
bone where overload is perceived, giving rise to the
concept of a homeostatic ‘mechanostat’ [9]. This ability
to add bone becomes much attenuated in the elderly
and even the merely mature. There has been much
speculation that oestrogen is a crucial tonic modulator
of the mechanostat [10]; but so far the mechanostat has
been visualised in non cellular and non biochemical
abstraction; and the usefulness of this concept requires
that it be defined in more biological detail.

In this article, what is known about the epidemiology
of osteoporosis will be reviewed succinctly in relation to

our knowledge of the epidemiology of oestrogen ‘defi-
ciency’. The role of oestrogen deficiency as a risk factor
for osteoporosis being fairly well defined, the remainder
of the chapter will be devoted to an attempt to recon-
cile our epidemiological knowledge with our rapidly
developing understanding of how oestrogens regulate
the biology of bone as a tissue, within the context of the
remarkably complex specification in self regulation de-
manded of each individual bone by the body’s need for
strength with lightness.

2. Osteoporotic fractures: their epidemiology in relation
to bone strength

Space does not permit a discussion of the role of
trauma and its frequency in the generation of os-
teoporotic fractures. Here the discussion will focus on
the decline in bone strength after menopause, the differ-
ences in the effects of age between genders and the
interactions of other risk factors with oestrogen defi-
ciency in determining whether a hip or a spine fracture
will occur.

The most devastating osteoporotic fracture is the hip
fracture, the incidence of which rises exponentially with
age in elderly women and men [11]. The impact and
importance of vertebral fractures has been rather more
controversial; but new evidence of their impact on
quality of life [12] (whether or not the patient presents
clinically as a case of vertebral fracture [13,14]) as well
as better techniques for their unequivocal identifica-
tion[15] are likely to emphasise their importance in
degrading the benefits of longer life for vast numbers of
men and women.

Men have hitherto been comparatively neglected in
studies of osteoporosis, particularly of the spine. The
European Prospective Osteoporosis Study of vertebral
fractures (EPOS), an age-stratified population-based
cohort study and the first to study both sexes, has
recently been completed. The study employed novel,
rigorous and well-validated methods for the radiologi-
cal identification of both prevalent and incident verte-
bral fractures. Men at 65 had vertebral fracture rates
which were 60% of those seen in women [15]. As in
women [15,16], age, bone density and the existence of a
previous fracture [17,18] were the principal determi-
nants of fracture risk. The main statistical determinant
of the gender difference in risk appears to be the faster
rate of bone loss in women once they had been through
the menopause [15].

After allowing for methodological differences in iden-
tification, the vertebral fracture rates in the female
EPOS participants, who were drawn from 18 different
European countries from Russia to Portugal and from
Sweden to Greece, could not be distinguished clearly
from rates [16] in Rochester, MN. The strong effect of
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previous fracture to increase risk independently of bone
density in both sexes had been previously reported for
US women [17,18], as had the independent effect of age
to approximately double fracture risk with the passage
of each decade; this was seen in both genders in EPOS.
A novel finding in EPOS was that the volumetric size of
an incident fracture, an important determinant of its
impact on the patient, could be predicted by the shape
of any previous vertebral fracture [19]. Overall, EPOS
suggested that in Europe two women in five and one
man in four who lives to be 80 will suffer at least one
vertebral fracture by that age.

Lifestyle, gynaecological, anthropomorphic and di-
etary risk factors for vertebral fracture have been stud-
ied intensively in prevalence studies. The European
Vertebral Osteoporosis Study, upon which EPOS was
based, gave results which, when not unique, are typical
of other studies of vertebral fracture. Physical activity
(with the exception of the most intensive physical activ-
ity in men) was protective in women especially [20] as
was a long fertile period [21]. Dietary calcium only had
a weak effect on bone density, through a statistical
interaction with physical activity [22]. A higher body
mass index (BMI, weight/height2) was protective [23],
an effect that appeared to be mediated through higher
bone density in individuals with high BMI [24]. In a
much smaller study of normal women followed for 11
or more years, higher BMI was a positive determinant
of a low post-menopausal rate of bone loss [25], an
effect seen also in a more obese population [26]. Two
possible explanations for these concordant findings
concerning anthropometric variables are discussed
below.

A great deal is now known about the epidemiology
of hip fracture in white European and American
women. A major component of risk can be attributed
to variables that may be loosely regarded as markers of
physical frailty or inactivity [27,28], while poor eyesight
and dementia or other degenerative neurological disor-
ders contribute to the risk of falling. Also, after 20
years of controversy, it is now firmly established that in
some settings a mild form of vitamin D-related os-
teopathy leads to accelerated bone loss, which can be
reversed partially with replacement therapy with a vari-
able but potentially very valuable effect on fracture risk
[29]. A likely very important new discovery, which
remains to be confirmed, concerns the role of endoge-
nous oestrogens as determinants of hip fracture risk.
When these are very low, so that oestradiol was unde-
tectable in a modern, high sensitivity assays, the incre-
ment in risk of hip and vertebral fracture was very
substantial [30]. After menopause, most endogenous
oestrogens are synthesised in adipose tissue. However,
obesity is also associated in most women with increased
muscle bulk and larger forces applied to the skeleton in
consequence, particularly in the lower limbs. So there is

an important need to disentangle the possibly partly
independent effects of relative obesity and endogenous
oestrogens on both hip and vertebral fracture.

3. Trial evidence

Remarkably, there have been no randomised con-
trolled trials of ERT (except in very high risk groups)
so we infer that ERT is effective in preventing a large
proportion of hip and spine fractures from studies on
women who selected their own treatment. There could
be a large effect of selection bias to artificially enhance
the apparent effect of treatment in these observational
studies, because women who start ERT appear from at
least one trial pilot study to have higher bone density
than the rest of the population [31]; and they also have
less risk of cancers unconnected with oestrogen expo-
sure. These observations suggest that ERT-takers are
healthier than average women.

The trial evidence for the anti-fracture efficacy of
activators of oestrogen receptors has recently been no-
tably enhanced by the demonstration that raloxifene, a
selective (o)estrogen receptor modulator (SERM) is
efficacious in preventing vertebral fractures [32], while
simultaneously reducing risk of breast cancer. This trial
was remarkable for showing that about 50% of verte-
bral fractures could be prevented with an almost negli-
gible effect on bone density in the spine and other
agents which reduce bone formation have in many
cases a larger beneficial effect on fractures than can be
explained by their effect on bone density alone [33].

4. The biological basis for oestrogen’s actions on bone

Until recently it was thought that oestrogen acted
entirely by suppressing the excessive bone resorption
that develops at menopause. The biology underlying
the anti-resorptive effects of oestrogens, as understood
until recently, have been regularly reviewed (see e.g.
Riggs and Spelsberg [34]). That, it emerges, is only part
of the story. We studied women with endometriosis
treated with stringent oestrogen suppression using
GnRH agonists. As bone turnover (measured histologi-
cally in biopsies) increased, the osteoclasts, which re-
sorb bone in the process of bone renewal, excavated
much more deeply than usual. This led to the perfora-
tion of the plate-like structures that form cancellous
bone and the formation of very large haversian cavities
in the bony cortices [35]. Most striking of all however
was the effect of oestrogen suppression on osteocytes,
the cell type in bone generally considered to act as
mechano-sensors (and the most numerous specialised
bone cell type) which are found in their individual
lacunae deep within the bone matrix. Rates of osteocyte
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apoptosis were elevated to 10–15% as measured by
several complementary techniques [36]; presumably
their inaccessibility preserved these apoptotic osteocytes
from immediate phagocytic destruction by other cells.

After confirming these results in an ovariectomised
rat model [37] attention focussed on the role of the
dying osteocyte as a potential source of the unknown
homing signal which regulates the architectural re-
sponse of bone to the changing needs of its mechanical
loading environment. In collaborative studies with
Brendon Noble, Lance Lanyon and Tim Skerry it was
found that externally applied mechanical loading par-
tially prevents osteocyte apoptosis, providing the load-
ing is non-destructive [38]. However, if the loading is
increased to the point where the matrix develops micro-
cracks, osteocyte apoptosis rates rise enormously [39].
Some 7 days later, bone damaged by microcracks be-
gins to be resorbed by osteoclasts, which are not seen
initially when the osteocyte apoptosis is first demon-
strated. It is not as yet known whether the observed
U-shaped curve relating the loading environment and
osteocyte apoptosis is modified by oestrogen exposure
[40].

The osteocyte as a target for the actions of oestrogen
is of increased interest for two further reasons. First, as
described elsewhere in this volume, it expresses both
known receptors (ERa and ERb) [41] and secondly it
expresses proteins, such as osteopontin, containing
RGD sequences which attract osteoclasts to sites that
are being targeted for destruction in the processes of
bone modelling and remodelling [42]. Whereas the dy-
ing (but not yet dead) osteocyte has been implicated in
the process of targetting remodelling to bone that has
been recently damaged by plastic deformation [39],
osteocytes that have previously died and disappeared
from their lacunae without provoking the destruction
of their surrounding bone are clearly incapable of later
expressing molecules that act as attractants to os-
teoclasts. It is likely, therefore, that osteocytes which
die ‘un-noticed’, as it were, cannot inaugurate the pro-
cess of replacement of bone that potentially has been
damaged by new bone with more favourable mechani-
cal properties.

The second reason why the living non-apoptotic os-
teocyte is of interest in this context is because there is
gathering evidence that the osteocyte network provides
the cellular system which underlies the perception of
mechanical strain and therefore potentially of the
mechanostat. Osteocytes are very sensitive to mechani-
cal deformation and especially to shear stress induced
by fluid flow and other stimuli. In response to these
signals, there is an increased activation of glucose-6-
phosphate dehydrogenase within minutes [43] and sub-
sequently potentially exportable signalling molecules
such as the prostaglandins [44] and nitric oxide [45] are
generated by the cell. Such molecules are readily perme-

able through the lacunar fluid to surfaces accessible to
osteoblasts and osteoclasts. It has now been claimed
that, in vitro, osteoblast-like cells, which are of the
same lineage as osteocytes, may be capable of generat-
ing the specific osteoclast inhibitor, osteoprotegerin
[46]. It seems possible that, under stimulation by estro-
gen [47], enough additional osteoprotegerin may be
generated by cells of the osteoblast lineage to neutralise
in part osteoclast differentiation factor [48,49]
(acronyms ODF/OPGL/TRANCE/RANKL) and
thereby reduce the capability of osteoclasts to resorb
neighbouring bone. There are, potentially, also clear
parallels with the actions of activated oestrogen recep-
tors to increase NO synthesis in vascular endocytes.
Cells of the osteoblast/osteocyte lineage appear gener-
ally to synthesise NO through activation of eNOS [50].
In moderate concentrations NO tends, like
prostaglandins to favour the stimulation of bone for-
mation during bone modelling.

4.1. Obser6ations rele6ant to explaining the increased
fragility of the skeleton with age in light of loss of
exposure to oestrogens

Let us return to the subject of the unexplained in-
crease in susceptibility of the hip to sustain osteoporotic
fractures as the subject grows older even after adjusting
for the effects of reduced bone density [51]and the
increased impact of other risk factors. Different mecha-
nisms might operate in the spine and hip to explain a
possible difference in this respect between the two sites,
since the effect of increasing chronological age to in-
crease vertebral fracture rates became statistically non-
significant in EPOS when an adjustment was made for
falling bone density with age [15]. First, in the cancel-
lous bone of the spine remodelling of bone is a much
more rapid process than in the cortical bone of the hip.
In the latter, it has been known for at least a decade
that rates of bone matrix microcracking increase expo-
nentially with age in women, even more steeply than in
men [1]. Microcracks are not a well-recognised feature
of the cancellous or cortical bone in the ageing verte-
bral body. Instead, the individual trabeculae become
less well connected and it has been suggested that the
directional organisation, orientation or anisotropy of
the cancellous lattice may become less optimal [52].

Attention should focus, therefore, on two types of
mechanism that might counteract the effects of increas-
ing age: those for preserving trabecular structures and
those for preventing brittleness developing in the bony
cortices. Concerning the proximal femur, we have stud-
ied bone remodelling in complete cross-sections of the
distal femoral neck bone discarded at hemiarthroplasty
for intracapsular femoral fracture to try to determine
what special features were associated with hip fractures
which might explain the fragility of the femoral neck in
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osteoporotic patients. We found that loss of bone
strength was concentrated in the antero-inferior cor-
tex and to some extent in the inferior cortex [53,54].
It has been suggested, based on studies of in vivo
loading studies in volunteers followed by some some-
what idealised finite element analyses that in the typi-
cal sideways fall associated with fracture, it is the
antero-inferior cortex that experiences the maximal
tensile load [55]. The contra-lateral postero-superior
cortex would conversely experience the maximal com-
pressive load. In the fractured femoral neck, the ap-
pearances of increased cortical thinning [53] and
porosity [54] in the antero-inferior cortex was associ-
ated with locally increased rates of bone resorption
indices [56] and, further, appeared to be secondary to
two factors distinguishing fracture patients from con-
trols. The first was the anatomical clustering of re-
modelling activity in the cortex, which by inference
might have led to the coalescence of resorbing os-
teons [57]; and the second was the very marked inhi-
bition of bone formation in these complex osteons
leading to the conversion of compact to more cancel-
lous bone [58]. We also found a high prevalence of
dead osteocytes in all zones of the cortex, but this
was as true of the controls as the cases; and zones
with higher remodelling as suggested by higher bone
porosity or a higher frequency of osteoid on the
haversian canal surfaces were affected less by os-
teocyte death than other zones [59].This is consistent
with previous suggestions that the prevalence of os-
teocyte death might be dependant on the age of the
bone tissue concerned.

Pending further studies of the candidate signalling
pathways between osteocytes and the destructor os-
teoclasts, what further light can be shed on the possi-
bility that post-menopausal bone loss might be
averted even without taking ERT? Could increased
physical activity levels avert the loss of fracture resis-
tance associated with ageing in post-menopausal
women? Asprey [60] and Adebajo [61] have studied
respectively post-menopausal bone density and hip
fractures in post-menopausal West Africans. In As-
prey’s study the subjects were peasant farmers; they
appeared in this cross-sectional study to lose bone at
rates which were if anything faster than British rates
and, as could be in part at least explained by their
lean-ness their BMD values were lower than typical
for age-matched British women. Yet in the Gambia,
in centres provided with good if basic hospital care,
hip fracture was almost unknown while falls were fre-
quent. In Adebajo’s Nigerian study hip fracture was
confirmed to be much less common than in Cau-
casians and there was an absence of either an effect
of gender of an increase in risk with age [61]. The

possibility exists that part at least of this contrast
between Caucasians and black Africans may be at-
tributable to genetic differences.

To investigate the effects of very high levels of
physical activity after the menopause in Causasian
women, we contrasted bone density values in women
over 40, who were both pre and post menopausal,
who were also running competitively and training for
15 or more hours a week. The premenopausal women
had higher than average bone density in the hip and
spine after adjusting for body size, whereas the post-
menopausal women had bone density values which
were merely appropriate for British sedentary post-
menopausal women after adjusting for body size [62].
These data make it understandable why Asprey’s
Gambian women, who were highly physically active
peasant farmers, had bone density values which were
certainly no better than British values.

4.2. Conclusions

Oestrogens have many effects on the skeleton, such
as limiting childhood growth through fusing of the
epiphyses, increasing bone strength at puberty, pro-
tecting against osteoporosis in older subjects of both
genders and probably reducing the risk of death by
apoptosis in the bone stromal cell lineage (osteoblasts,
osteocytes, lining cells and their precursors). It seems
possible that the molecular mechanisms of actions of
oestrogens on bone stromal cells may have parallels
to those seen in the vascular system in particular, but
this field is developing rapidly and many advances are
expected in the near future. From a general biological
perspective it is necessary that investigators interested
in oestrogens’ actions should be cognisant of the
skeleton’s primary function, which is to provide a
rigid jointed structure against which the musculature
can pull to induce movement. Other functions are to
protect the internal organs and to provide a reserve
of minerals such as calcium. In light of this it is vital
that all bones are constructed so as to provide an
adequate safety factor against breakage in the event
of excessive and abnormal loads being applied. Nor
should bone fracture through repeated loading, the
so-called fatigue fracture. It is insufficiently recognised
that as a composite material, bone tissue can absorb
significant amounts of plastic deformation, but that
this capacity (called toughness) declines with age, so
that old bones become brittle. As investigators probe
the molecular and cellular basis of oestrogens’ actions
on bone, they will equally study the effects, long and
possibly short term, of oestrogens on the toughness
of bone as a tissue as well as on the amounts of bone
formed and maintained under their influence.
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