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Abstract Osteoporosis is a major public health problem due
to consequent fragility fractures; data from the UK suggest
that up to 50% of women and 20% men aged 50 years will
have an osteoporosis-related fracture in their remaining
lifetime. Skeletal size and density increase from early
embryogenesis through intrauterine, infant, childhood and
adult life to reach a peak in the third to fourth decade. The
peak bone mass achieved is a strong predictor of later
osteoporosis risk. Epidemiological studies have demonstrated
a positive relationship between early growth and later bone
mass, both at peak and in later life, and also with reduced risk
of hip fracture. Mother—offspring cohorts have allowed the
elucidation of some of the specific factors in early life, such as
maternal body build, lifestyle and 25(OH)-vitamin D status,
which might be important. Most recently, the phenomenon of
developmental plasticity, whereby a single genotype may give
rise to different phenotypes depending on the prevailing
environment, and the science of epigenetics have presented
novel molecular mechanisms which may underlie previous
observations. This review will give an overview of these latter
developments in the context of the burden of osteoporosis and
the wider data supporting the link between the early
environment and bone health in later life.
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Introduction: the burden of osteoporotic fracture

Osteoporosis is a skeletal disorder characterised by low
bone mass and microarchitectural deterioration of bone
tissue with a consequent increase in bone fragility and
susceptibility to fracture [1]. It is a widespread condition,
often unrecognised in clinical practice, which may have
devastating health consequences through its association
with fragility fractures. These fractures typically occur at
the hip, spine and wrist. It has been estimated that, at age
50, the remaining lifetime risk of fracture at one of these
sites is 50% among women and 20% among men.
Osteoporotic fracture has a huge impact economically, in
addition to its effect on health. Osteoporotic fracture costs
the US approximately $17.9 billion per year, with the cost
in the UK being £1.7 billion [2].

The risk of osteoporotic fracture ultimately depends on
two factors: the mechanical strength of bone and the forces
applied to it. Bone mass (a composite measure including
contributions from bone size and from its volumetric
mineral density) increases throughout childhood and early
adulthood to reach a peak in early adulthood. The bone
mass of an individual later in life depends upon the peak
attained after skeletal growth and the subsequent rate of
bone loss [3]. Peak bone mass (PBM) is a major
determinant of later osteoporosis risk, accounting for half
of the variance in bone mineral density (BMD) at age 70
[4]. More recent work has demonstrated that PBM is six
times a more powerful predictor of age of onset of
osteoporosis than rate of bone loss or age at menopause
[5]. In addition, there are now data available that directly
link growth rates in childhood to the risk of later hip
fracture [6].

Many lines of evidence, including data from epidemio-
logical, clinical and experimental studies, indicate that early
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life events play a powerful role in influencing later suscepti-
bility to certain chronic diseases, such as osteoporosis;
however, the mechanisms initiating these responses remain
unclear. Recent data have strongly suggested that epigenetic
processes are responsible for tissue-specific gene expression
during differentiation and may play a key role in adaptive
responses to nutritional and environmental factors during
foetal and neonatal life. Thus, epigenetic mechanisms may
underlie the processes of developmental plasticity.

The epigenetic mechanisms will be best understood
when placed in the context of the existing evidence relating
early environment to later risk of osteoporosis. Therefore,
this review will summarise the relationship between
developmental plasticity and osteoporosis and will focus
upon the possible mechanisms by which the epigenetic
regulation of bone mass may occur, using the model of
maternal vitamin D status and placental calcium transfer.

Developmental plasticity

Environmental influences during childhood and puberty
have been shown to influence bone mineral accrual, but the
relatively rapid rate of mineral gain during intrauterine and
early postnatal life, coupled with the plasticity of skeletal
development in utero, offers the possibility of profound
interactions between the genome and early environment at
this stage in the life course. There is a strong biological
basis for such a model of disease pathogenesis. Experimen-
talists have repeatedly demonstrated that alterations to the
diet of pregnant animals can produce lasting changes in the
offspring’s physiology and metabolism [7]. This is one
example of a ubiquitous phenomenon: Developmental
plasticity, that is, the ability of a single genotype to give
rise to several different phenotypes, allowing the organism
to adapt future generations to prevailing environmental
conditions. In humans, the importance of the intrauterine
environment was initially demonstrated with associations
between birth weight and blood pressure, lipid levels and
diabetes later in life. This phenomenon was termed
‘programming’ and defined as ‘persisting changes in
structure and function caused by adverse environmental
influences at a critical stage of early development’ [8, 9].
The evolutionary benefit of this capacity is that, in a
changing environment, it maximises phenotypic diversity
and enables the production of phenotypes that are better
matched to their environment than would be possible by the
production of the same phenotype in all environments.
During mammalian development, information about the
environment, such as nutritional status, is transferred from
the mother to her embryo or foetus either through the
placenta or through lactation. This transfer of information
from mother to foetus may act to limit foetal growth, in
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preference to any genetic potential, and has been termed
‘maternal constraint’ [10]. The process by which maternal
constraint occurs is poorly defined but may include limited
nutrient availability and an effect on the metabolic—
hormonal factors driving foetal growth. Maternal constraint
acts in all pregnancies but is greater in certain situations
such as short maternal stature, extreme young or old
maternal age and multiple pregnancies. In addition, the
effects of an unbalanced diet or excessive maternal thinness
or fatness influence foetal nutrition in the absence of other
disease. Beyond these mechanisms, foetal development
may be further impaired by poor placental function or
maternal disease, each of which can influence several
points along the pathway from the mother’s intake of food
to the delivery of nutrients to growing foetal tissues. The
‘developmental origins’ hypothesis proposes that an altered
long-term risk of disease is the result of adaptive responses that
the foetus or infant makes to cues from the mother about her
health or physical status. Thus, the association between
reduced foetal growth rate, small body size at birth and later
risk of disease may be interpreted as reflecting the long-term
consequences of foetal adaptive response. Figure 1 summarises
and provides a conceptual framework for this process.

The developmental origins of osteoporotic fracture

Epidemiological evidence that the risk of osteoporosis might
be modified by the intrauterine and early postnatal environment
has emerged from two groups of studies: Firstly, retrospective
cohort studies in which bone mineral measurements are
undertaken and in which fracture risk is ascertained among
adults whose detailed birth and/or childhood records have been
preserved; and secondly, mother—offspring cohorts relating the
nutrition, body build and lifestyle of pregnant women to the
bone mass of their offspring.

Birth weight, growth in infancy and adult bone mass

The association between weight in infancy and adult bone
mass was shown in a cohort study of men and women aged
60-75 years who were born and still lived in Hertfordshire,
England [11, 12]. These studies showed highly significant
relationships between weight at 1 year and adult bone area at
the spine and hip (»p<0.005); the relationships with bone
mineral content (BMC) at these two sites were weaker but
remained statistically significant (»p<0.02). The relationships
also remained after adjustment for known genetic markers of
osteoporosis risk, such as polymorphisms in the gene for the
vitamin D receptor (VDR) [13], and after adjustment for
lifestyle characteristics in adulthood that might have influ-
enced bone mass (physical activity, dietary calcium intake,
cigarette smoking and alcohol consumption). These findings
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Young women’s diet, body composition, physical activity, education and
lifestyle before and during pregnancy.
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Fig. 1 A conceptual framework for the developmental origins of adult
disease hypothesis. The ‘developmental origins’ hypothesis proposes
that an altered long-term risk of disease is the result of adaptive
responses that the foetus or infant makes to cues from the mother

confirm previous observations in studies performed in the
US, Australia, Sweden and the Netherlands [14].

Bone density, geometry and strength

Hip structure analysis in the Hertfordshire Cohort Study has
demonstrated that poor growth in utero and during the first
year of life is associated with disproportion of the proximal
neck of femur in later life (narrower neck but preserved axis
length), with a corresponding reduction in mechanical
strength of the region, over and above that attributable to
reduced BMC per se [15]. In addition, the use of peripheral
computed tomography, within the same cohort, has
demonstrated strong associations between birth weight,
weight at 1 year and each of bone width, length, area,
fracture load and strength—strain index at the tibia in both
men and women, with less marked associations in a similar
direction for the proximal radius [16]. These data add to
those from hip structure analysis: thus, poor growth in utero
and during the first year of postnatal life is associated with
alterations in bone architecture, cortical size and geometry,
in addition to a deficit in densitometrically measured BMC,
resulting in compromised bone strength and increased
fracture risk in later life. These studies also complement
data from the Helsinki Cohort Study, which directly links
growth rates in utero and during childhood with the risk of
hip fracture. Three independent determinants of hip fracture
risk were observed including tall maternal stature, shortness
at birth and low rate of childhood growth [6].

Maternal nutrition, body composition and neonatal skeletal
development

Studies in mother—offspring cohorts have shown that body
composition and lifestyle of mothers during pregnancy are

about her health or physical status. The association between reduced
foetal growth rate, small body size at birth and later risk of disease
may be interpreted as reflecting the long-term consequences of foetal
adaptive response

related to the bone mass of their offspring at birth and in
childhood. These influences on skeletal growth and
mineralisation were in part determined by the umbilical
venous concentrations of insulin-like growth factor 1
(IGF-1) and leptin [17]. In addition, further studies have
confirmed that independent predictors of greater neonatal
whole-body bone area and BMC include greater maternal
birth weight, height, parity, fat stores (triceps skinfold
thickness) and lower physical activity in late pregnancy.
Maternal smoking was statistically significantly (and
independently) associated with lower neonatal bone mass.
These relationships were observed in both male and female
offspring [18].

In another study using dual-emission X-ray absorptiometry
(DXA) to assess the body composition of 198 children at the
age of 9 years, reduced maternal height, lower preconception
maternal weight, reduced maternal fat stores during late
pregnancy, a history of maternal smoking during pregnancy
and lower maternal social class were all associated with
reduced whole-body BMC of the child at the age of 9 years
[19]. In addition, lower ionised calcium concentration in
umbilical venous serum also predicted reduced childhood
bone mass. Around 31% of the mothers had insufficient and
18% had deficient circulating concentrations of 25(OH)-
vitamin D during late pregnancy (11-20 and <11 pg/l,
respectively). Lower concentrations of serum 25(OH)-
vitamin D in mothers during late pregnancy were associated
with reduced whole-body and lumbar spine BMC in children
at the age of 9 years. Maternal vitamin D status was also
statistically significantly associated with childhood bone area
and areal BMD. Adjunctive evidence supporting a role for
maternal vitamin D status was obtained in the Southampton
Women’s Survey where maternal vitamin D concentrations
again correlated with neonatal bone mass [20]. These
findings suggested that vitamin D supplementation of
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pregnant women, especially during winter months, could
lead to long-lasting reductions in the risk of osteoporotic
fracture in the offspring.

Further evidence that maternal calcium homeostasis
might play a role in the trajectory of intrauterine and early
postnatal skeletal development emerged from a mother—
offspring cohort study in Pune, India which confirmed that
children of mothers who had a higher frequency of intake
of calcium-rich foods during pregnancy had higher total
and lumbar spine BMC and areal BMD, independent of
parental size and DXA measurements [21]. Circulating
maternal 25(OH)-vitamin D concentrations in this cohort
were relatively high and were not associated with childhood
skeletal measures. Thus, in populations in nutritional
transition where maternal sunlight exposure is sufficient to
maintain adequate vitamin D status, the availability of
calcium becomes a more critical determinant of foetal and
childhood bone mineral accrual.

In most studies, maternal diet has been considered in
terms of intake of specific nutrients, such as calcium and
vitamin D. However, these nutrients comprise parts of
broader dietary patterns and one recent study has explored
maternal diet in more detail in relation to skeletal health in
the offspring and showed that a high maternal prudent diet
score (high intakes of fruit and vegetables, wholemeal
bread, rice and pasta, yoghurt and breakfast cereals and low
intakes of chips and roast potatoes, sugar, white bread,
processed meat, crisps, tinned vegetables and soft drinks)
was found to be associated with greater bone size and areal
BMD in the offspring [22]. The observed effect was
independent of social class, education, maternal height,
maternal smoking status and late pregnancy vitamin D
levels as well as childhood height, weight and exercise.

There is limited ecological information regarding the
influence of maternal nutrition on fracture risk and further
research is needed in this field. Variations in hip fracture
rates have previously been described globally, across
continents and also nationally. The 10-year probability of
hip fracture in women aged 50 appears to vary widely
worldwide and is highest in Scandinavian countries
(Sweden, Denmark and Norway; with rates of up to
28.5%). Low rates have been described in Korea,
Venezuela and Chile, with the lowest risk in Turkey [23].
This global difference may result primarily from differences
in ethnicity. Within Europe, there appears to be a north—
south gradient of fracture risk, with higher incidence in
northern countries (e.g., Finland) compared to southern
Mediterranean nations [24]. This may be a consequence of
reduced sunlight exposure in northern territories and
consequent lower vitamin D levels, combined with an
increased risk of falls. Within nations, differences in
fracture rates have again been observed and appear to be
driven, in part, by deprivation and urbanisation. Thus, UK
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hip fracture rates are low in parts of East Anglia and other
rural areas, compared with rates in urban areas [24];
locations with the highest fracture rates have been observed
to have had the highest rates of infant mortality in previous
generations [24], this link yielding some of the earliest
evidence to support the notion that an adverse environment
in early life might predispose to an increased risk of
fracture in older age.

Childhood nutrition and physical activity

There is evidence that the trajectory of skeletal growth may
be modified, at least temporarily, by environmental factors
such as nutrition and physical activity in childhood.
Several, but not all, studies have indicated a positive
relationship between dietary calcium intake and bone
mineral accrual [25-34]. However, in one recent meta-
analysis of intervention studies, an increased calcium intake
only appeared to have a positive effect on BMC in those
children who had the lowest intakes at baseline, suggestive
of a threshold effect [25]. Individual intervention studies
have suggested at least short-term benefits from additional
calcium supplementation, with some evidence of more
persisting (3 years) improvements for those supplements
derived from milk [32, 33]. There is some limited evidence
that childhood calcium intake may also influence adult bone
density and fracture risk. In a study of 3,251 White women
aged over 20 years, BMC was significantly greater in those
aged 20-49 who consumed more than one serving per day of
milk during childhood (recalled from memory) than those
who did not [35]. Amongst those aged over 50, low milk
intake during childhood was associated with an increased
risk of osteoporotic fracture. Studies of weight-bearing
physical activity interventions consistently demonstrate
positive effects on bone mineral accrual in both children
and adolescents [34]. Additionally, habitual physical activity
in free-living children has been shown to correlate positively
with bone size and density at the hip [36, 37]. Although there
is some evidence that individuals who had taken high levels
of weight-bearing physical activity in childhood may have
increased BMD as adults [38], the relationship between
habitual childhood physical activity and adult BMD remains
to be elucidated.

Animal models for the developmental origins of osteoporosis

Animal models for the developmental origins of osteopo-
rosis have been established. In the first such model, the
feeding of a low-protein diet (LPD) to pregnant rats
produced offspring which exhibited a reduction in bone
area and BMC, with altered growth plate morphology in
adulthood [39, 40]. This study also examined whether
maternal protein restriction affected the proliferation and
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differentiation of bone marrow stromal cells [41]. The
results suggested that normal proliferation and differentia-
tion were suppressed in offspring from mothers on LPD as
assessed by alkaline phosphatase positive fibroblast colony
formation at 4 and 8 weeks. In a further study, dams were
given a LPD during pregnancy and 135 offspring were
studied at different ages. Serum alkaline phosphatase
concentrations reached peak levels earlier, and serum
IGF-1 and 25(OH)-vitamin D levels were lower in the
offspring of protein-restricted (PR) dams, confirming the
important role of the nutritional environment during
intrauterine development [39]. Using micro-CT on samples
of bone removed in late adulthood (75 weeks), it was
observed that the offspring from LPD dams had femoral
heads with thinner, less dense trabeculae; mechanical
testing showed these samples to be structurally weaker [39].
These data further support the need for a programme of
interventional research aimed at improving general dietary
quality among women before conception and during
pregnancy, in addition to studies that evaluate the targeting
of specific micronutrients such as vitamin D and calcium.

Epigenetic mechanisms

There is increasing evidence that epigenetic mechanisms
are central to the process by which early environmental
exposure affects development in later life. Epigenetics
refers to changes in phenotype or gene expression caused
by mechanisms other than changes in the underlying DNA
sequence and is integral in determining when and where
genes are expressed. Epigenetic changes are stable and
heritable and may last through multiple generations [42].
The two most studied forms of epigenetic marking are
DNA methylation and histone modification, although most
studies have focused on methylation. DNA methylation
involves the addition of a methyl group to cytosine residues
at the carbon-5 position of CpG dinucleotides. DNA
methylation is generally associated with gene repression,
either by decreased binding of transcription factors or
by attracting methyl-CpG-binding proteins that act as
transcriptional repressors [43, 44]. There is usually an
inverse relationship between the extent of DNA methyla-
tion of regulatory CpGs and gene expression. Histone
modification refers to post-translational modification of
histone tails. Histones are small proteins involved in the
packaging of DNA into chromatin, and if the way that
DNA is wrapped around the histones changes, gene
expression can also change. Histone modification can occur
either by methylation or acetylation. These two types of
epigenetic modification are mechanistically linked and work
together to affect chromatin packaging, which in turn
determines which gene or gene set is transcribed. The

enzymes controlling these processes have recently been
indentified and include DNA methyltransferases (Dnmt) [45].

DNA methylation patterns differ through the phases of
development. After conception, and with the exception of
imprinted genes, gamete methylation patterns are erased
during early blastocyst formation. During the implantation
stage, methylation patterns become established via de novo
methylation by the activities of Dnmt3a and Dnmt3b. Patterns
of DNA methylation are maintained through mitosis by
Dnmtl activity [46]. In adulthood, there are variations in
the amount and pattern of methylation depending upon cell
and tissue type. During embryonic and foetal development,
maternal or environmental factors can disrupt these patterns of
DNA methylation; examples of this process have been shown
in animal models and will be discussed in further detail in this
review. This dysregulation of developmental programming
via abnormal DNA methylation may permit specific genes to
undergo inappropriate expression during adult life, resulting
in disease development [45]. Emerging evidence strongly
suggests that these epigenetic mechanisms underlie the
processes of developmental plasticity (Fig. 2).

Experimental data from animal models

Numerous studies in animals involving prenatal nutrient
imbalance have provided important information regarding
the biologic basis for developmental plasticity. For example,
the embryos of pregnant rats fed a LPD during the pre-
implantation period of pregnancy showed altered develop-
ment in multiple organ systems [47]. In addition, if the
pregnancies progressed to term, then the offspring had
reduced birth weight, relatively increased postnatal growth
and adult-onset hypertension. Further studies have shown
that the administration of glucocorticoids to pregnant rats at
specific points during gestation can cause hypertension and
insulin resistance in the offspring in later life and can also
lead to increased sensitivity to postnatal stress [48-50].
Postnatal stress in rat models has been shown to induce
neurodevelopmental changes in the rat pups and this leads to
excessive responses to stress in later life. These changes may
be mediated in part by effects on glucocorticoid receptor
(GR) gene expression in the brains of the offspring [51].
Further exploratory work in this area has shown that
maternal dietary protein restriction in rats leads specifically
to a decrease in the methylation status of GR (Fig. 3) and
peroxisomal proliferator-activated receptor & (PPARx) in
the liver of the offspring after weaning [52]. These genes
are of particular interest because alterations in their
expression are associated with disturbances in cardiovascu-
lar and metabolic control in animals and humans. The
hypomethylation of the GR and PPAR persisted after
weaning, when direct influence of the maternal dietary
restriction had ceased, suggesting stable modification to the
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Fig. 2 Epigenetic mechanisms
in the process of developmental
plasticity. Developmental plas-
ticity is the ability of a single
genotype to give rise to several
different phenotypes, allowing
the organism to adapt future
generations to prevailing
environmental conditions

Adult phenotype

epigenetic regulation of the expression of these transcrip-
tion factors. These induced epigenetic changes have also
been demonstrated to pass between generations. Eighty-
day-old male grand-offspring of rats exposed to maternal
PR diet during gestation had hypomethylation of GR and
PPARx promoter regions compared to controls, even
though their dams received adequate nutrition throughout
pregnancy [53]. In addition, supplementation of the
restricted diet with folic acid has been shown to prevent
hypomethylation of GR and PPAR«x and the associated
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Fig. 3 Dietary protein restriction in pregnant rats and levels of GR
methylation in the offspring (figure based on numeric data from
Lillycrop et al. [52]). Dams were fed a control protein (C; 180 g/kg
protein plus 1 mg/kg folic acid), restricted protein (R; 90 g/kg casein
plus 1 mg/kg folic acid) or restricted protein plus 5 mg/kg folic acid
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increase in the expression of GR and PPAR«. This
observation may reflect the impaired supply of folic acid
from the mother and suggests that, despite the apparent
stability of methylation changes, alterations in DNA
methylation induced by maternal diet can be prevented,
raising the possibility of therapeutic strategies to prevent or
reduce the effects of environmental insults in early life.
Other studies have demonstrated similar epigenetic changes
in p53 in the kidney and angiotensin II type 1b receptor in
the adrenal gland [54, 55].
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(RF) diet throughout pregnancy. GR gene methylation was 22.8%
lower and expression 200% higher in PR pups compared to control
pups. Extra folate supplementation prevented these changes. These
results suggest that prenatal nutrition can induce persistent, gene-
specific epigenetic changes that alter mRNA expression
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density measurements over a 4-year period. There was a statistically

These studies show that the effects of maternal nutrition
and behaviour appear to target the promoter regions of
specific genes rather than being associated with a global
change in DNA methylation. This observation provides
important clues for further work to explore epigenetic
mechanisms in humans.

Epigenetics in human disease

Epigenetic mechanisms, including DNA methylation and
histone modification, are now well established in the
development and progression of a variety of cancer types
including prostate, lymphoma, head and neck, breast and
ovarian cancer [56]. Data in other human diseases are
limited, particularly in relation to developmental plasticity.
The first example of an association between a periconcep-
tional exposure and DNA methylation in humans was shown
in Dutch subjects prenatally exposed to famine during the

>

Dnmt1 B

1o 0.4+

P<0.0001
-

e
w
.

GR1-C, .., methylation
(Normalised Ct)
o
N

expression relative to control

0.1-

160
Trough cortisol concentration

4 -
- ™ .
2 .‘ - 3 . - =
u . __ff";#:f
0 1] ____,__‘——".'d_' - . .
g — - . - 3
. r=0.32 (p<0.05)
— 4
.
=5 T T T 1
5 52 5.4 5.6 5.8

Integrated cortisol
concentration (nmol/l}

significant positive association between the trough cortisol concentra-
tion and bone loss rate at the femoral neck (»=0.47; p<0.001) over the
4-year follow-up period. This suggests that the endogenous cortisol
profile of healthy elderly men is a determinant of their rate of
involutional bone loss

Dutch Hunger Winter in 1944-1945. Exposed subjects
showed persistent epigenetic differences in a variety of
genes compared to their unexposed, same sex siblings [57].
The IGF-2 gene was hypomethylated, whereas interleukin-
10, leptin, ATP-binding cassette Al and maternally
expressed 3 (meg 3) genes were hypermethylated. IGF-2 is
known to be a key factor in human growth and development.
This study further supports the importance of investigating
how early epigenetic modification of gene expression may
influence long-term health and disease.

Epigenetic regulation of placental calcium transfer

The key nutrients likely to influence foetal bone develop-
ment include calcium and vitamin D, and therefore, this
axis provides a model for investigating the epigenetic
regulation of bone mass. The human foetus requires a total
of 30 g of calcium for bone development, most of which is
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Fig. 5 An epigenetic pathway demonstrated in animal and human
models. a Rat dietary protein restriction (PR) leads to altered Dnmtl
(DNA methyltransferase-1) expression. b Dnmtl expression in human
umbilical cord predicts GR1-Cyypy (human glucocorticoid receptor 1-Cigg

promoter) methylation. ¢ Finally GR1-Ctotal methylation status in human
umbilical cord predicts GR (glucocorticoid receptor) expression. (Figure
adapted with permission from Lillycrop KA. et al. [52])
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acquired during the third trimester via active transport
across the placenta, resulting in greater calcium concentra-
tion in the foetus than maternal plasma [58]. Foetal calcium
needs are primarily met by increased maternal intestinal
calcium absorption during pregnancy, and therefore, very
low maternal calcium intakes may be a risk for lower bone
mass in neonates. In addition, the importance of maternal
vitamin D status has been highlighted earlier in this review.
The mechanism underlying the association between mater-
nal vitamin D, umbilical cord calcium concentration and
offspring bone mass is unclear but is an area of ongoing
research. 1,25(OH)-vitamin D (the active form) mediates its
effects by first binding to the VDR, then by binding to the
retinoic acid receptor (RXR) forming a heterodimer. This
heterodimer then acts upon vitamin D response elements in
target genes, initiating gene transcription by either up-
regulating or down- regulating gene products. Vitamin D
response elements are DNA sequences found in the
promoter region of vitamin D-regulated genes [59].
Calcium transporters containing vitamin D response ele-
ments are, therefore, of particular interest.

One study has demonstrated that the expression of a
placental calcium transporter (PMCA3) gene predicts
neonatal whole-body BMC [60]. Modified expression of
the genes encoding placental calcium transporters, by
epigenetic regulation, might represent the means whereby
maternal vitamin D status could influence bone mineral
accrual in the neonate. Since the effects of maternal
nutrition and behaviour seem to target the promoter region
of specific genes rather than being associated with global
changes in DNA methylation, investigating CpGs located
within the promoter region of these genes, particularly
those within or located near to vitamin D response
elements, may provide further clues regarding the epige-
netic regulation of bone mass. In addition, if validated,
these epigenetic markers might provide risk assessment
tools with which to target early lifestyle interventions to
individuals at greatest future risk.

Hypothalamic—pituitary—adrenal axis—a putative model
of epigenetic regulation

Maternal stress is known to influence the developing
hypothalamic—pituitary—adrenal (HPA) axis in the foetus.
Thus, epidemiological studies have demonstrated an in-
verse association between birth weight and fasting plasma
cortisol. Indices of the circulating cortisol profile in adult
life have also been shown to influence bone density and
rates of bone loss (Fig. 4) [61].

As previously discussed in this review, animal studies have
confirmed that protein restriction during mid and late
pregnancy is associated with reduced methylation of key
CpG-rich islands in the promoter region of the gene for the
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GR, and this results in elevated GR expression and features of
hypercortisolism [51]. Further work in rats, and subsequent
replication of the work in human umbilical cords, has shown
that induction in the offspring of altered epigenetic regulation
of the hepatic GR promoter may be due to reduced Dnmtl
expression (Fig. 5) [61]. Previous work has shown that
patterns of DNA methylation are maintained through mitosis
by Dnmtl activity, and in addition, the phenotype of an
embryo can be modified by manipulation of Dnmtl
expression, hence the pattern of DNA methylation [46, 63].
This epigenetic modulation of the HPA axis represents a
second mechanism for transduction between a poor maternal
environment and impaired bone mineral accrual in the
offspring.

Conclusions

Osteoporosis is a major cause of morbidity and mortality
through its association with age-related fractures. Evidence is
growing that PBM is an important contributor to bone strength
during later life. Many factors influence the accumulation of
bone mineral during childhood and adolescence, including
heredity, gender, diet, physical activity, endocrine status, and
sporadic risk factors such as cigarette smoking. In addition to
these modifiable factors during childhood, evidence has also
accrued that fracture risk might be programmed during
intrauterine life. Epigenetic processes are important mecha-
nisms that underpin developmental plasticity. Environmental
factors including maternal stress and nutritional state are
known to affect the long-term epigenetic state of a number of
genes during embryonic and foetal development, although the
exact mechanisms by which environmental influences are
transmitted to the embryo are unclear. If validated, these
epigenetic markers may be used to provide risk assessment
tools and develop novel public health interventions with
which to identify and target individuals at greatest future risk.
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