Maternal nutrition and bone health in the offspring

Osteoporosis is a major public health issue as well as a considerable socioeconomic burden owing to its
association with fragility fractures. Bone mass (a composite of bone size and mineral density) increases
through life, from conception to a peak in early adulthood. The magnitude of this peak bone mass is a major
determinant of osteoporosis risk in later life. Over the last couple of decades, evidence has accrued that
factors in utero and in early life may have persisting influences on later health and disease. Thus, low
birthweight is associated with reduced bone density at peak and in older age, and poor infant growth
predicts increased risk of hip fracture in later life. Maternal lifestyle, physical activity, body build and, in
particular, vitamin D status, appear to be important determinants of intrauterine bone mineral accrual, with
a persisting negative influence of maternal vitamin D insufficiency demonstrated at 9 years of age in the
offspring. This review examines the impact of maternal nutrition on bone development in offspring and on
the later risk of osteoporosis, and suggests that these observations may pave the way for novel population-based

public health strategies to reduce the burden of osteoporotic fracture in future generations.
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Osteoporosis definition

& epidemiology

Osteoporosis is a systemic disorder comprising
both low bone mass and loss of the normal bone
microarchitecture, resulting in increased bone
fragility and susceptibility to fractures [1]. The
WHO have issued a clinical definition of osteo-
porosis based on measurements of bone mineral
density (BMD) by dual x-ray absorptiometry
(DXA) as a T score of less than -2.5 [2]. This
definition is now used internationally to iden-
tify those at risk of osteoporotic fracture, and
forms an integral part of treatment algorithms
for both the primary and secondary prevention
of osteoporotic fracture.

According to data from the WHO, 1.7 mil-
lion hip fractures occurred worldwide in 1990,
and this is projected to increase to 6.3 million
per year by 2050 [201]. In the UK, an estimated
330,000 patients are admitted to hospital with
fractures and approximately a quarter of these
are hip fractures [3]. With the aging population
in the UK, hip fractures have been increasing
by 2% per year from 1999 to 2006 [202]. If this
trend continues, the incidence is projected to
increase from approximately 70,000 per year at
the present time to 101,000 in 2020 [202].

In the UK alone, the annual cost of osteo-
porosis is estimated to be GB£1.7 billion, mostly
due to hospitalization as a result of hip frac-
tures [4]. It is estimated that the cost of care for
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fragility fractures could increase to GB£2.2 bil-
lion by 2020 (s]. In addition to the costs of
hospitalization for fractures, especially those
of the hip, substantial morbidity and mortality
is also associated with these fractures. A total
of 10% of patients admitted to hospital with a
hip fracture die within 1 month [6]. This rises
to a third by 1 year [6]. Even for those who sur-
vive, many will experience ongoing hip pain
or difficulty walking, with only approximately
half of the patients returning to their previous
levels of functioning [¢]. Between 10 and 20%
of patients will move into either residential or
nursing homes following a hip fracture [6].

These data clearly illustrate that osteoporosis
is a significant public health issue. By focusing
on maternal nutrition as an essential deter-
minant of peak bone mass (PBM), this review
will demonstrate the importance of devising
novel public health strategies to maximize
attainment of PBM and reduce osteoporosis in
future generations.

Peak bone mass
Definition of peak bone mass

Peak bone mass is defined as the maximum
total skeletal mass accrued at the end of skeletal
development [7]. Bone mass increases through
fetal life, infancy and childhood to young adult
hood, mainly owing to increasing bone size due
to linear growth. The attainment of PBM is
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known to be gender- and site-specific, but the
available evidence does not allow definite con-
clusions to be drawn. Follow-up data of a previ-
ously characterized cohort of women from Bath
(UK), who were initially studied at the age of
21 years (8] and then followed up at the age of
31 years, demonstrated that the women continued
to accrue bone mineral into their 30s, both at the
lumbar spine and, to a lesser extent, at the hip
(authors’ unpublished data). This is consistent
with a previous US study measuring forearm bone
mineral content (BMC) by single-photon absorp-
tiometry as well as more recent DX A-based stud-
ies measuring BMD at the hip, lumbar spine and
in some cases radius, which demonstrate ongoing
increases in bone mass into the third and even
fourth decades [9.10-15]. A recent Swedish cohort
study examining the attainment of PBM in men
between the ages of 18 and 20 years concluded
that PBM had been reached in the lumbar spine
and hip in this age group, but not at the radius
or tibia 16]. Other groups, however, have deter-
mined the age of attainment of PBM to be at,
or shortly after, the end of longitudinal growth,
with estimates ranging from late adolescence to
the late 20s [11-13,17-20]. Some anatomical studies
even report loss of trabecular bone as early as the
start of the third decade [21,22].

Since DXA gives a two-dimensional
representation of a three-dimensional object,
most of these studies are limited by an inability
to distinguish change in bone size from change
in volumetric mineralization. Indeed, radio-
logical studies using computed tomography have
demonstrated that females have a smaller verte-
bral cross-sectional area than males throughout
life, even after correcting for body size [23,24].

Importance of peak bone mass
Following attainment of PBM, an individual’s
bone mass at any given point in time is deter-
mined by both the PBM achieved during growth
and the rate of subsequent bone loss. Studies
directly relating PBM to risk of fracture have not
yet been performed, but a recent mathematical
modeling study carried out by Hernandez ez al.
(Ficure 1) suggested that PBM was a six times more
powerful predictor of the age of osteoporosis
development than either age at menopause or the
rate of subsequent age-related bone loss [25]. A pre-
vious study showed that at 70 years of age, PBM
accounted for 50% of the variation in BMD [2¢].
These observations strongly suggest that factors
that influence the magnitude of PBM are likely
to have significant effects on an individual’s later
risk of developing osteoporosis.
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Genetic determinants of peak
bone mass
Inheritance studies suggest that approximately
50—80% of the variance in PBM is deter-
mined by genotype [27.28]. These widely vary-
ing estimates may reflect the different genetic
make-up of different populations and different
study methodologies. Twin and family studies
suggest that the inherited component of peak
BMD is polygenic, and that environmental
factors appear to be the major determinants of
bone loss [29]. Thus, the variance in rate of bone
loss explained by heredity is much lower, with
postmenopausal bone mass being predicted
much less strongly than that before the meno-
pause [29]. In addition, in terms of fracture,
which is the most important outcome, there
is little increased concordance in monozygotic
compared with dizygotic twins in both men and
women [30]. Indeed in one study, the intrapair
difference in BMD between twins was greater
for mono- than di-zygotic twins, suggesting
that environmental influences 77 utero, such as
differential placentation, may have persisting
effects [31].

Much work has focused on several puta-
tive candidate genes: the vitamin D receptor
(VDR), collagen lal (COLIAI) and IGF-1.
There is now evidence concerning /L-6 [32],
TGF-BI 133) and LDL-receptor related pro-
tein 5 (LRP-5) [34]. However, most studies have
found small effects, and often with conflicting
results. Polymorphisms of the VDR have been
studied most and have been shown to explain
a small proportion of the variance of BMD in
most studies [35]. Since many of the VDR poly-
morphisms studied appear to be nonfunctional,
it may be that there is linkage with another allele
that is actually responsible for the functional
change. Type I collagen is an important constit-
uent of bone matrix, and polymorphisms of the
Spl binding site of COLIAI have been shown
to be associated with BMD and fracture risk in
several [36], but not all studies [37].

None of these studies have demonstrated that
any of these genes account for more than a small
proportion of variance in bone mass. Thus, it
seems likely that the genetic component of
BMD is determined by a multitude of different
genes. In addition, nonfunctional mutations and
genetic variation between populations further
complicate the issue.

It is unlikely that the genome and environment
always act independently on the skeleton; in fact,
there is increasing evidence that an interaction
occurs between them; for example, between
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bone mass during growth are maintained into
adulthood as there is a lack of large prospect-
ive studies in this situation, but current evi-
dence suggests that calcium intake from milk
is likely to have longer-term effects than ele-
mental supplements [61]. Similarly, both cross-
sectional [62.63] and prospective intervention
studies in premenopausal women have suggested
that calcium supplementation may promote the
maintenance of bone mass, and may even pre-
vent or delay bone loss, almost until the time of
the menopause [64-69].

Early life influences &

developmental plasticity

In the natural world there are numerous exam-
ples of developmental plasticity — that is, the
ability of a single genotype to give rise to sev-
eral different phenotypes. This allows develop-
ing organisms to adapt to the prevailing envi-
ronmental conditions. For example, if times
are hard, maternal undernutrition may act as
a signal to the developing fetus, leading to an
altered pattern of gene expression in a way that
is appropriate to the environment that is likely
to be encountered at birth. An example is the
water flea Daphnia; if the mother is exposed
to traces of a predator, the young are born
with a protective ‘helmet’ [70]. The problem
arises when the developing organism is then
exposed to a mismatch between the expected
and actual environment; the protective helmet
of the water flea actually reduces reproductive
competitiveness in the absence of the predator.
Nutritional abundance in an organism whose
genotype is expecting nutritional constraint
may lead to disease.
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Figure 1. Change in peak bone mineral density, age at menopause and rate
of nonmenopausal bone loss and predicted delay in onset of osteoporosis.

The delay in the predicted development of osteoporosis in response to a
percentage change in peak BMD, age at menopause or the rate of

nonmenopausal bone loss is shown. A small percentage change in peak BMD

can generate a much larger delay in the development of osteoporosis than a
similar change in the age at menopause or the rate of nonmenopausal

bone loss.
BMD: Bone mineral density.

Evidence has been accruing that for human dis-
eases, such as osteoporosis, that show a dramatic
increase in prevalence with age and that hered-
ity can only partly explain, there is an interaction
between the genome and the environment in the
expression of the disease. Thus, given a particular
genotype, the environmental factors that a subject
is exposed to in early life are a critical determinant
of later health and disease. This phenomenon is
known as ‘programming’ and is defined as ‘persist-
ing changes in structure and function caused by
environmental stimuli acting at critical periods
during early development’ [71]. There is no doubt
that the skeleton can be permanently changed by
an adverse early environment — rickets is a very
visible example. The data supporting this hypoth-
esis will be reviewed in this article. These include
epidemiological studies of BMD and fracture in
cohorts where birth details are known, physiol-
ogical studies, exploration of maternal determi-
nants of childhood growth and studies of potential
underlying mechanisms using animal models.

Epidemiological studies
Several large, well-characterized birth cohorts
exist including individuals from Bath, Sheffield
and Hertfordshire in the UK, from which

www.futuremedicine.com

135



136

Williams, Harvey, Dennison, Edwards & Cooper

=
N
o
o

1150 1

1100

1050 -

9-year whole-body BMC (g)

=
o
o
o

1 2 3 4
Prudent diet in early pregnancy (quartiles)*

=
N
o
o

1150+

1100+

1050+

9-year whole-body BMC (g)

1000

1 2 3 4
Prudent diet in late pregnancy (quartiles)*

Figure 2. Maternal prudent diet score and offspring whole-body bone mineral area and
content at age 9 years. "Values are mean (95% Cl).

BMC: Bone mineral content.
Redrawn from [92].

epidemiological data have been derived over
a number of years [44,72-73]. These individuals
had detailed records completed by local mid-
wives at birth and throughout infancy, includ-
ing a wide range of demographic variables. The
Bath cohort was composed of women in their
20s who underwent assessments of height,
weight and bone mass by DXA, and completed
a questionnaire to assess a variety of factors
known to influence bone mass [44]. The other
two cohorts included men and women in their
60s and 70s who had similar measurements
made [72,73]. Studies in these cohorts showed
that low birthweight and weight at age 1 year
predicted lower BMC in later life, even after
adjusting for factors known to influence bone
mass. There appeared to be a stronger correl-
ation for BMC than BMD. This may reflect
different influences affecting overall size of the
skeletal envelope and volumetric mineral den-
sity [44]. Thus, the skeletal growth trajectory
appears to be partly set early in life, whereas
volumetric mineralization may be more
influenced by contemporary factors such as
nutrition and loading.

Childhood growth & subsequent

risk of hip fracture

Clinically, the most important consequence
of osteoporosis is fracture. The correlation
between growth in childhood and risk of hip
fracture in later life was demonstrated in a
longitudinal study in Helsinki, Finland [74].
Data were collected on a total of 7086 men
and women born between 1924 and 1933.
Body size at birth had been recorded and an
average of ten measurements of height and

weight had been taken throughout childhood.

Int. J. Clin. Rheumatol. (2009) 4(2)

Incidence of first hip fracture was identified
using the national hospital discharge regis-
ter. After adjusting for age and sex, two major
determinants of hip fracture in later life were
identified: tall maternal height (p < 0.001) and
a low rate of childhood growth from age 7 to
15 years (height: p = 0.006; weight: p = 0.01).
The effects of maternal height and slow child-
hood growth were statistically independent of
each other and remained after adjusting for
socio—economic status. In addition, fracture
subjects were shorter at birth but of average
height by 7 years of age. Further work in a sec-
ond Finnish cohort demonstrated a relationship
between poor growth in infancy and increased
risk of hip fracture in later life [75], with a
6.4-fold increase in risk for those subjects in the
lowest quartile of weight gain between 1 and
12 years of age. These findings are interesting
as they suggest several paths to increased frac-
ture risk. Thus, a low rate of childhood growth,
both early and late in childhood, could lead
to poorer mineralization of bone tissue and/or
decreased bone width, and thus, lower bending
strength. This is supported by evidence from
the Hertfordshire cohort that demonstrated
reduced infant growth to be associated with a
narrower femoral neck in older age [76]. Greater
maternal height may act via a longer femoral
neck or faster catch-up growth, particularly in
those children who were smaller at birth and
of average size by 7 years of age, whose skel-
etal growth may have been pushed beyond its
capacity for mineralization. This concept is
supported by the observation that fractures in
children occur most frequently in early puberty,
when linear growth velocity is high and ahead
of volumetric mineralization [77].
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Maternal nutrition

These epidemiological data have led investig-
ators to examine the specific early-life factors
that may have persisting influences on postnatal
skeletal development. There is now a growing
body of evidence, from both human and animal
mother—offspring studies, that maternal nutri-
tion is of vital importance in optimizing skeletal
growth in the offspring.

Animal models
Data from a number of animal models sup-
port the hypothesis that undernutrition dur-
ing pregnancy results in a poorer outcome for
the offspring. This was first demonstrated by
Widdowson, who found that maternal under-
nutrition in pigs led to intrauterine growth
retardation and that the offspring remained
small throughout life (78]. Her subsequent work
in rats revealed that there is a specific time
period during which undernutrition can bring
about these changes in size; after this period
detrimental effects on growth are no longer
apparent [79].

More recent work on the effects of mater-
nal undernutrition has been carried out in a
rat maternal protein-deficiency model. Using
this model, Mehta ¢z 2/. demonstrated that
the offspring of protein-restricted mothers had
significantly reduced bone area and BMC, but
not areal or volumetric BMD, compared with
the offspring of mothers fed a normal-protein
diet [80]. Not only were histomorphometric
bone parameters altered in the offspring of
protein-restricted mothers, their growth plates
were also found to be abnormally wide [so].
Since then, interest has focused primarily on
trying to elucidate the mechanisms responsible
for these observed differences. A similar rat
maternal protein-deficiency model was used,
in which rat dams were fed either a diet with
8% (low) or 16% (normal) casein from concep-
tion to the end of pregnancy [81]. The offspring
themselves were then fed a normal diet until
harvesting. At 8 weeks, significantly fewer col-
ony-forming units fibroblastic (CFU-Fs) and
alkaline phosphatase (ALP)-positive CFU-Fs
were present, and ALP activity was significantly
lower in the low-protein group. At 12 weeks,
there was no significant difference in the
number of CFU-Fs, and ALP activity was sig-
nificantly increased in the low-protein group.
This suggests that maternal protein restriction
during pregnancy results in changes in skeletal
development in the offspring through a delay
in the normal proliferation and differentiation
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Adapted from [93].

of mesenchymal stem cells, but this initial
delay is then followed by a period of ‘catch-up’
growth [81]. Further work in this same model,
published earlier this year, demonstrated that
maternal protein restriction during pregnancy
also altered the osteogenic environment of the
offspring, with ALP activity peaking earlier,
osteocalcin levels being higher and IGF-1 and
25-OH vitamin D levels being significantly
lower than in the normal-protein group [s2].
These changes persisted into adulthood.
Furthermore, analysis using microcomputed
tomography showed that female offspring
from mothers in the low-protein group had
thinner, less dense trabeculae at the femo-
ral head, and closer packed trabeculae at the
femoral neck than the mothers fed a normal
diet [83]. By contrast, thicker, denser trabec-
ulae were found in the vertebrae, and denser
cortical bone was found in the midshaft of
the tibia. On mechanical testing, the femoral
necks and vertebrae were stronger whilst the
femoral heads and tibiae were weaker [83]. This
suggests that maternal undernutrition during
pregnancy results in significant changes in both
the structural and mechanical properties of the
offspring’s skeleton and these effects vary at
different sites.
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Placenta

gradient g

Figure 4. Schematic of placental calcium transport. Facilitated calcium
transporters allow Ca?* ions to cross from the maternal circulation into the
cytosol, where carrier proteins transport them to the fetal side. Here, active
transporters (NCX) and PMCA proteins move Ca?* to the fetal circulation,
resulting in a positive concentration gradient from mother to fetus.

NCX: Sodium/calcium exchanger; PMCA: Plasma membrane calcium ATPase.

Redrawn from [96].
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Epidemiological data
Parental influences on neonatal
bone mass
Complementing the accumulating evidence
from animal models that modulation of the
intrauterine environment can influence skel-
etal development, there have been several long-
itudinal studies in humans investigating paren-
tal influences on intrauterine skeletal growth.
The Princess Anne Maternity Hospital Group is
one such cohort. This includes women living in
Southampton (UK) who had detailed anthropo-
metric data collected during their pregnancies.
A total of 145 infants born at term to women in
the study had their weight, length and placental
weight recorded and underwent DXA scanning
(84]. Maternal smoking, low maternal fat stores,
frequent and very vigorous exercise in the third
trimester, and low maternal birthweight all
emerged as predictors of lower neonatal whole-
body BMC [84]. These associations may be partly
mediated by alterations in fetal nutrient supply
through effects on the placenta, in contrast with
the likely genetic effect of paternal birthweight
and height, which were also positively related to
offspring BMC.

More recently, parents and neonates were
recruited from another cohort, the Southampton
Women’s Survey (SWS). This is a unique
group of women, recruited before pregnancy
and aged 20-34 years at enrolment, who were
assessed in detail before and during pregnancy,
and their children were subsequently followed
up. In a subset, 278 neonates and their fathers
underwent DXA scanning within 2 weeks of

Int. J. Clin. Rheumatol. (2009) 4(2)

birth (85]. Analysis of these data demonstrated
highly significant positive associations between
neonatal whole-body bone area (r = 0.25;
p = 0.003), BMC (r = 0.32; p = 0.0002) and
BMD (r = 0.17; p = 0.046) and the correspond-
ing values in the fathers, but only for female
infants [85]. These correlations remained sig-
nificant after adjusting for maternal height and
fat stores. This provides further supportive evi-
dence for the hypothesis that paternal skeletal
size predicts neonatal skeletal size independently
of the mother’s body build. The fact that this
correlation only reached statistical significance
for female offspring raises the possibility that
there is a degree of gender specificity in some
of the influences modulating intrauterine bone
mineral accrual.

Another cohort of individuals from the
Princess Anne Maternity Hospital Group —
similarly characterized for maternal nutrition,
body composition and lifestyle during preg-
nancy — were followed up when the children
reached 9 years of age [86]. The children under-
went DXA scanning as well as measurements
of height and weight. Lower maternal height,
lower maternal weight prior to conception,
maternal smoking, lower maternal fat stores and
lower socio—economic status were all associated
with lower whole-body BMC in the children
at 9 years of age (86]. This provides supportive
evidence that these maternal factors not only
influence neonatal bone mass, but also influence
bone mass later in childhood.

Further work in these mother—offspring
cohorts has demonstrated strong, positive associ-
ations between umbilical venous IGF-1 concen-
tration and neonatal whole-body BMC, whole-
body lean mass and whole-body fat mass [s7].
The authors suggest that these data indicate a
crucial role for circulating levels of IGF-1 in the
growth of the fetal skeleton, more so than its
mineralization [87]. However, levels of umbilical
venous IGF-1 do not appear to be the mechanism
through which the maternal factors known to
influence neonatal bone mass exert their effects.
In the same cohort there were strong, positive
associations between umbilical venous leptin
concentration and neonatal whole-body BMC,
estimated volumetric BMD and whole-body fat
mass, independent of the influences of serum
IGF-1 levels [88]. Therefore, umbilical venous
leptin concentration is a predictor of both the
size and volumetric bone density of the fetal skel-
eton, and also provides a plausible mechanism
through which maternal fat stores can influence
neonatal bone mass [88].
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Maternal micronutrient status &
neonatal bone mass
Once the importance of maternal nutrition and
lifestyle factors in determining bone mass in
the offspring became apparent, interest moved
towards trying to establish which nutrients
were the most important. A longitudinal study
investigating the association between maternal
diet in the third trimester and bone mass in
the children at 8 years of age was carried out in
Tasmania between 1988 and 1996 [s9]. A total
of 177 male and female children were included
and underwent DXA scanning. In these child-
ren, femoral neck, lumbar spine and total body
BMD were found to be positively correlated
with magnesium and phosphorus density of
the maternal diet; lumbar spine BMD was also
positively correlated with potassium density of
the maternal diet, but negatively associated with
dietary fat density. In addition, total body BMD
was positively associated with protein density
of the maternal diet and negatively associated
with fat density. Overall, this study provided
multiple associations between maternal diet
during pregnancy and bone mass of the child-
ren at 8 years of age, but was unable to indicate
which nutrients were most important [89].

The Avon Longitudinal Study of Parents and
Children (ALSPAC) assessed the relationship
between maternal diet during pregnancy using
a food frequency questionnaire, and childhood
bone mass at 9 years of age as measured by
DXA [90]. Significant associations were demon-
strated between maternal magnesium intake
and total body BMC and BMD in the children,
maternal potassium intake and spinal BMC
and BMD, and maternal folate intake and spi-
nal BMC [90]. After adjusting for the height and
weight of the children, only the relationship with
maternal folate levels persisted. However, this
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provides further corroboration that maternal
diet during pregnancy is one of the crucial
determinants of skeletal development during
infancy and childhood.

A recent longitudinal study investigating the
association between maternal nutritional status
and diet during pregnancy and childhood bone
mass included 797 pregnant women living in
rural India [91]. A total of 698 of these children
were followed up with DXA at age 6 years.
Children whose mothers had a higher intake of
calcium-rich foods during pregnancy were found
to have higher total and spinal BMC and BMD.
Similarly, those children whose mothers had
higher folate intake at 28 weeks gestation were
found to have higher total and spinal BMD [o1].
This suggests that maternal calcium and folate
intake during pregnancy influence childhood
bone mass, although a causal relationship cannot
be inferred purely from this observational study.

Subsequently, our group studied the influence
of maternal diet during pregnancy on bone mass
at 9 years of age in a sample of 215 children from
one of the Southampton (UK) mother—offspring
cohorts [92]. Instead of focusing on individual
nutrients, this study examined whether the
pattern of foods consumed during pregnancy
had an impact on bone mass in the offspring.
Both a validated food frequency questionnaire
and a dietary scoring system were used to assess
maternal nutritional status and diet during
pregnancy [92]. A higher or ‘more prudent’ diet
score was given for a diet including greater pro-
portions of fruit, vegetables and high-fiber foods.
Children born to mothers with higher ‘prudent’
diet scores in late pregnancy had significantly
higher whole-body BMC, BMD and bone area at
9 years of age (Ficure 2). This association remained
significant even after adjusting for other
known maternal influences on neonatal bone
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mass including: maternal birthweight, height,
smoking, arm circumference (as a measure of
maternal fat stores at 32 weeks), socio—economic
status and vitamin D status. Overall, these data
suggest that a more ‘prudent’ maternal diet dur-
ing pregnancy, which corresponds with current
recommendations for a healthy, balanced diet, is
associated with increased bone mass at 9 years of
age. It appears that it may be the pattern of foods
consumed during pregnancy that is important
in influencing bone mass in the offspring, rather
than individual nutrients, although further stud-
ies are needed to investigate this hypothesis fur-
ther. A key question is whether these patterns
directly influence intrauterine bone mineral
accrual or whether they are a marker of some
other factor related to fetal bone development.
Certainly, there is very little conclusive evidence
relating bone mass to intake of fiber, fruit or
vegetables in adults.

Maternal vitamin D status &

neonatal bone mass

One particular nutrient, vitamin D, has
received considerable attention with regard to
the determination of offspring bone mass. The
effects of maternal vitamin D status during preg-
nancy on childhood bone mass were studied in
198 children from a Southampton birth cohort,
which has previously been extensively character-
ized [93]. A total of 31% of the mothers included
in the study were found to have insufficient levels
of circulating 25(OH) vitamin D (11-20 pg/l),
whilst a further 18% were vitamin-D-deficient
(<11 pg/l). The children born to mothers with
lower 25(OH) vitamin D levels during late
pregnancy were found to have lower whole-body
BMC, bone area and areal BMD at 9 years of
age [93]. Although causality cannot be imputed
for certain as these data are observational the
results were independent of maternal social
class, lifestyle and dietary factors and childhood
diet and physical activity; this suggests that the
associations were not the result of an inherited
environment. Similar results were found at
birth for neonates in the SWS [ss]. In addition,
umbilical, venous, ionized calcium concentra-
tion also emerged as a significant predictor of
whole-body BMC at 9 years of age, with lower
ionized serum-calcium levels predicting lower
childhood bone mass [93]. This was partially
explained by maternal vitamin D status. Both
ambient UVB levels during late pregnancy and
use of vitamin D supplements were significantly
correlated with maternal 25(OH) vitamin D
status (Ficure 3). This correlation between plasma

Int. J. Clin. Rheumatol. (2009) 4(2)

ionized-calcium concentration, maternal vita-
min D status and bone mass in the offspring at
9 years of age, together with the fact that plasma
ionized-calcium concentrations are likely to
reflect the extent of placental calcium transfer,
highlights the importance of maintenance of the
materno—fetal calcium gradient in determining
the future trajectory of skeletal growth (94]. The
authors hypothesized that maternal vitamin D
insufficiency during pregnancy might medi-
ate its effects on bone mineral accrual through
impairment of placental calcium transport, for
example by parathyroid-hormone-related pep-
tide (PTHrP) [93]. Evidence from animal mod-
els supports a vital role for both parathyroid
hormone (PTH) and PTHrP in fetal calcium
homeostasis (95]. In transgenic mice, PTH and
PTHiP have been shown to interact, increasing
the size of the trabecular envelope, whilst at the
same time reducing the cortical envelope [95]. It
has been suggested that fetal calcium deficiency
may result in stimulation of PTH/PTHI P activ-
ity, which in turn could decrease the size of the
cortical envelope. If this change was then tracked
into childhood and later life, it might alter the
trajectory of skeletal growth. The recent finding
by our group that expression of an active pla-
cental calcium transporter (PMCA3) is an inde-
pendent predictor of neonatal whole-body BMC
provides another possible mechanism through
which maternal vitamin D status can influence
bone mass accrual in offspring [96]. Ficure 4 shows
a schematic of placental transport mechanisms
and Ficure 5 demonstrates the positive associations
between levels of PAMCA3 expression, and whole-
bone area and mineral content in the offspring
at birth.

Based on the data reviewed above and given
the high levels of vitamin D insufficiency and
deficiency amongst pregnant women, it would
seem sensible to consider vitamin D supplement-
ation in this group, in order to improve bone
mass in their offspring. Although there are some
short-term studies of vitamin D supplementation
during pregnancy with resultant increases in
circulating levels of calcium and vitamin D in
neonates, the data have failed to demonstrate an
accompanying increase in either fetal weight or
length [97). This is consistent with our observ-
ational study described above [95]. These trials
have varied widely in terms of participants,
dosage, method of administration of vitamin D
and outcome parameters. Thus, dosage varies
from 200 IU/day vitamin D taken orally, to a
600,000 IU/day bolus intramuscular injection.
Bone mass has not been adequately addressed

future science group



as an end point, and systematic reviews of the
effects of calcium and vitamin D supplement-
ation on various parameters of bone health yield
litcle helpful information on supplementation in
this group, owing to the small numbers of stud-
ies available [98]. However, they do suggest that
such supplementation is not associated with an
increased risk of adverse effects, although, with
the data currently available, they were unable to
address potentially harmful longer-term effects.
In view of this paucity of data, a multicenter,
randomized, double-blind, placebo-controlled
trial of vitamin D supplementation in women
with low levels of vitamin D in early pregnancy
is currently being undertaken in Southampton
(Maternal Vitamin D Osteoporosis Study
[MAVIDOS]). Ficure 6 outlines the pilot phase
of the study, and this work may help to inform
public health policy regarding vitamin D

supplementation in pregnant women.
preg

Epigenetics & developmental plasticity
Developmental plasticity involves interaction
between genes and the environment. Thus,
environmental influences, such as maternal
vitamin D status, might influence expression
of placental calcium transporters, resulting in

Down’s
screening
(12/40)
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alterations in fetal skeletal development. There
is growing evidence that epigenetic phenomena
may be critical in these processes. Epigenetic
mechanisms allow modification of gene expres-
sion without any change in the fundamental
genotype. Examples include coordinated changes
in cytidine—guanosine (CpG) nucleotides in the
promoter regions of specific genes, changes in
chromatin structure through histone acetyl-
ation and methylation, and post-transcriptional
control by micro-RNA [99]. After fertilization,
there is widespread epigenetic reprogramming
and challenges during early embryogenesis may
result, for example, in promoter methylation
and thus alter gene expression [100]. The result-
ing changes are usually stable through mitotic
cell divisions, and so will continue through a
life-course. Many examples of epigenetic modi-
fication have been demonstrated in animals, and
the concept provides a very plausible mechan-
ism for long-term changes resulting from early
gene—environment interactions.

Conclusion

Osteoporosis is a major public health issue and
its importance is continuing to increase owing
to the aging population. It is now recognized

Mothers recruited
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supplements
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14/40

/
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Figure 6. Outline of pilot phase of Maternal Vitamin D Osteoporosis Trial (MAVIDOS).
ALP: Alkaline phosphatase; DXA: Dual x-ray absorptiometry.
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that PBM is a major determinant of future risk
of osteoporosis, and hence of fracture. PBM is
influenced by both genetic and environmental
factors, and is a predictor of the risk of develop-
ing osteoporosis and fractures. The phenom-
enon of developmental plasticity provides a
mechanism for the interaction of genotype
and environment in determining phenotype,
and animal studies support hypotheses made
in human disease. Mother—offspring cohorts
have demonstrated the importance of maternal
lifestyle, body build and particularly vitamin D
status, in determining fetal bone mineral
accrual. The father’s genetic influence is also
important, and the available evidence really
supports the notion that osteoporosis preven-
tion should now be considered at every stage
of the life course, from before conception to

old age.

Future perspective

Over the next 5-10 years, work will focus on
understanding the underlying mechanisms of
the epidemiological observations: the SWS§
will allow further exploration of the underly-
ing influences on bone mineral accrual, par-
ticularly of true volumetric density assessed by
peripheral quantitative computed tomography

at 6 and 8 years of age. Secondly, it will be
important to translate these findings into pub-
lic health benefits. Thus, the link between low
maternal vitamin D status and reduced off-
spring bone mass is being tested in a random-
ized, controlled trial in Southampton. Women
will be randomized to receive either daily oral
vitamin D or placebo from 14 weeks until
delivery, and bone mass will be measured in the
babies by DXA. A program of health advice and
support for women of childbearing age is also
being examined. By following this approach
with novel public health interventions, some
being focused on maternal nutrition in par-
ticular, we hope that the burden of fragility
fracture may be reduced in future generations.

Financial & competing
interests disclosure
The authors have no relevant affiliations or financial
involvement with any organization or entity with a finan-
cial interest in or financial conflict with the subject matter
or materials discussed in the manuscript. This includes
employment, consultancies, honoraria, stock ownership or
options, expert testimony, grants or patents received or
pending, or royalties.

No writing assistance was utilized in the production of

this manuscript.

Executive summary

Osteoporosis definition & epidemiology

= Osteoporosis is a major socio—economic burden owing to its attendant morbidity and mortality, predominantly due to increases in the
occurrence of fractures.

= A total of 1.7 million hip fractures occurred worldwide in 1990 and this is projected to increase to 6.3 million per year by 2050.

= In the UK alone, the annual cost of osteoporosis is estimated to be GB£1.7 billion and could increase to GB£2.2 billion by 2020.

Peak bone mass

= Peak bone mass (PBM) is a major determinant of osteoporosis risk in older age.

= PBM is determined by genetic and environmental factors operating at every stage of growth from conception.

Early life influences & developmental plasticity

= Birthweight is associated with lower PBM and bone mass in later life.

= Poor early growth predicts an increased risk of hip fracture in older adulthood.

= Developmental plasticity describes the phenomenon by which a single genotype may give rise to different phenotypes, depending on
environmental factors.

Maternal diet

= Mother—offspring studies demonstrate the influence of maternal lifestyle, diet, body build, physical activity and vitamin D status on
intrauterine bone mineral accrual.

= Animal models suggest that maternal undernutrition during pregnancy results in significant changes in both the structural and
mechanical properties of the skeleton in their offspring.

Epigenetics

= Epigenetic phenomena, such as DNA methylation and chromatin—histone acetylation, provide possible mechanisms to explain observed
associations between early environmental influences and later health and disease.

Conclusion

= Evidence suggests that osteoporosis prevention should now adopt a life-course approach, beginning before conception. Thus, novel
public health strategies, such as vitamin D supplementation in pregnancy, and programs of health advice and support, may help reduce
the burden of osteoporotic fracture in future generations.

142 Int. J. Clin. Rheumatol. (2009) 4(2) future science group



Bibliography
Papers of special note have been highlighted as:

12

fsg

of interest

of considerable interest

Consensus development conference: diagnosis,
prophylaxis and treatment of osteoporosis.

Am. ]. Med. 94, 646-650 (1993).

Assessment of fracture risk and its
application to screening for postmenopausal
osteoporosis. Report of a WHO Study
Group. World Health Orgn. Tech. Rep. Ser.
843, 1-129 (1994).

Torgerson D], Iglesias CP, Reid DM:
The economics of fracture prevention. In:
The Effective Management of Osteoporosis.
Barlow DH, Francis RM, Miles A (Eds).
Aesculapius Medical Press, London, UK
111-121(2001).

Walker-Bone K, Dennison E, Cooper C:
Epidemiology of the Rheumatic Diseases. Silman
AJ, Hochberg MC (Eds). Oxford University
Press, Oxford, UK, 259-292 (2002).

Burge RT, Worley D, Johansen A,
Bhattacharyya S, Bose U: The cost of
osteoporotic fractures in the UK: projections
for 2000-2020 /. Med. Econ. 4, 51-62 (2001).

Marsh D, Currie C, Brown P et al.: The care
of patients with fragility fractures. British
Orthopaedic Association. London, UK,
September (2007).

Bonjour JP, Theintz G, Law F ez al.:
Peak bone mass. Osteoporos. Int. 4(Suppl. 1),
7-13 (1994).

Cooper C, Cawley M, Bhalla A ez al.:
Childhood growth, physical activity and peak
bone mass in women. /. Bone Miner. Res. 10,

940-947 (1995).

One of the first epidemiological studies
linking early growth to adult bone

mineral content.

Recker RR, Davies M, Hinders SM et al.:
Bone gain in young adult women. JAMA 268,
2403-2408 (1992).

Henry YM, Fatayerji D, Eastell R:
Attainment of peak bone mass at the lumbar
spine, femoral neck and radius in men and
women: relative contributions of bone size

and volumetric bone density. Osteoporos. Int.

15, 263-273 (2004).

Mazess RB, Cameron JR: Bone mineral
content in normal US whites. In:
International Conference on Bone Mineral
Measurement. Mazess RB (Ed.). National
Institutes of Health, US Department of
Health, Education and Welfare 75-683, DC,
USA, 228-237 (1974).

Szulc P, Marchand F, Duboeuf F, Delmas PD:

Cross-sectional assessment of age-related bone
loss in men: the MINOS study. Bone 26,
123-129 (2000).

future science group

20

21

22

23

24

25

Maternal nutrition and bone health in the offspring

Rosenthal DI, Mayo-Smith W, Hayes CW
et al.: Age and bone mass in premenopausal

women. /. Bone Res. 4, 533-538 (1989).

Lloyd T, Petit MA, Lin HM et al.: Lifestyle
factors and the development of bone mass and
bone strength in young women. /. Pediatr.

144, 776782 (2004).
Lin YC, Lyle RM, Weaver CM ez al.: Peak

spine and femoral neck bone mass in young

women. Bone 32, 546-553 (2003).

Lorentzon M, Mellstrsm D, Ohlsson C:

Age of attainment of peak bone mass is site
specific in Swedish men — the GOOD study.
J. Bone Miner. Res. 20(7), 1223-1227 (2005).

Theintz G, Buchs B, Rizzoli R ez al.:
Longitudinal monitoring of bone mass
accumulation in healthy adolescents; evidence
for a marked reduction after 16 years of age at
the levels of lumbar spine and femoral neck in
female subjects. J. Clin. Endocrinol. Metab.
75, 1060-1065 (1992).

Lu PW, Cowell CT, Lloyd-Jones SA ez al.:
Volumetric bone mineral density in normal
subjects aged 5-27 years. /. Clin. Endocrinol.
Metab. 81, 1586-1590 (1996).

Faulkner RA, Bailey DA, Drinkwater DT,
McKay HA, Arnold C, Wilkinson AA:
Bone densitometry in Canadian children
8-17 years of age. Calcif: Tissue Int. 59,
344-351 (1996).

Parsons TJ, Prentice A, Smith EA, Cole TJ,
Compston JE: Bone mineral mass
consolidation in young British adults. /. Bone

Miner. Res. 11, 264-274 (1996).
Weaver JK, Chalmers J: Cancellous bone:

its strength and changes with aging and an
evaluation of some methods for measuring its
mineral content. I. Age changes in cancellous
bone. /. Bone Joint Surg. Am. 48, 289-298
(1966).

Marcus R, Kosen J, Pfefferbaum A,
Horning S: Age-related loss of trabecular
bone in premenopausal women: a biopsy
study. Calcif. Tissue Int. 35(4-5), 406—409
(1983).

Gilsanz V, Boechat MI, Gilsanz R, Loro ML,
Roe TF, Goodman WG: Gender differences
in vertebral sizes in adults: biomechanical
implications. Radiology 190(3), 678—682
(1994).

Gilsanz V, Boechat MI, Roe TF, Loro ML,
Sayre JW, Goodman WG: Gender differences
in vertebral body sizes in children and
adolescents. Radiology 190(3), 673-677
(1994).

Hernandez CJ, Beaupre GS, Carter DR:

A theoretical analysis of the relative influences
of peak BMD, age-related bone loss and

menopause on the development of osteoporosis.

Osteoporos. Int. 14(10), 843—847 (2003).

www.futuremedicine.com

26

27

28

29

30

31

32

33

34

35

36

Mathematical modeling demonstration of
the importance of peak bone mass as a

determinant of later osteoporosis.

Hui SL, Slemenda CW, Johnston CC Jr:
The contribution of bone loss to
postmenopausal osteoporosis. Osteoporos. Int.
1(1), 30-34 (1990).

Ferrari S, Rizzoli R, Bonjour JP: Genetic

aspects of osteoporosis. Curr. Opin.
Rheumatol. 11(4), 294-300 (1999).

Ferrari S, Rizzoli R, Bonjour JP:

Heritable and nutritional influences on bone
mineral mass. Aging (Milano) 10(3), 205-213
(1998).

Hunter DJ, de Lange M, Andrew T,

Snieder H, MacGregor AJ, Spector TD:
Genetic variation in bone mineral density and
calcaneal ultrasound: a study of the influence

of menopause using female twins. Osteoporos.

Int. 12(5), 406411 (2001).
Kannus P, Palvanen M, Kaprio J, Parkkari J,

Koskenvuo M: Genetic factors and
osteoporotic fractures in elderly people:
prospective 25 year follow up of a nationwide
cohort of elderly Finnish twins. BMJ
319(7221), 1334-1337 (1999).

Antoniades L, MacGregor AJ, Andrew T,
Spector TD: Association of birth weight with
osteoporosis and osteoarthritis in adult twins.
Rheumatology (Oxford) 42(6), 791-796
(2003).

Nordstrom A, Gerdhem P, Brandstrom H
et al.: Interleukin-6 promoter polymorphism
is associated with bone quality assessed by
calcaneus ultrasound and previous fractures

in a cohort of 75-year-old women. Ostegporos.

Int. 15(10), 820-826 (2004).

Hinke V, Seck T, Clanget C, Scheidt-Nave C,
Ziegler R, Pfeilschifter J: Association of
transforming growth factor-p1 (TGFp1)

T29 — > C gene polymorphism with bone
mineral density (BMD), changes in BMD,
and serum concentrations of TGF-f1 in a
population-based sample of postmenopausal
German women. Calcif Tissue Int. 69(6),
315-320 (2001).

Koay MA, Woon PY, Zhang Y et al.:
Influence of LRP5 polymorphisms on normal
variation in BMD. J. Bone Miner. Res. 19(10),
1619-1627 (2004).

Langdahl BL, Gravholt CH, Brixen K,
Eriksen EF: Polymorphisms in the vitamin D
receptor gene and bone mass, bone turnover

and osteoporotic fractures. Eur. J. Clin. Invest.
30(7), 608-617 (2000).

Mann V, Hobson EE, Li B ez al.: A COL1AI
Spl binding site polymorphism predisposes to
osteoporotic fracture by affecting bone
density and quality. /. Clin. Invest. 107(7),
899-907 (2001).

143



37

38

39

40

41

42

43

44

45

46

47

48

Williams, Harvey, Dennison, Edwards & Cooper

Hustmyer FG, Liu G, Johnston CC,
Christian J, Peacock M: Polymorphism at an
Spl binding site of COLIAI and bone mineral
density in premenopausal female twins and
elderly fracture patients. Osteoporos. Int. 9(4),
346-350 (1999).

Dennison EM, Arden NK, Keen RW ez 4l.:
Birthweight, vitamin D receptor genotype
and the programming of osteoporosis.
Paediatr. Perinat. Epidemiol. 15(3), 211-219
(2001).

Dawson-Hughes B, Harris SS, Finneran S:
Calcium absorption on high and low calcium
intakes in relation to vitamin D receptor
genotype. /. Clin. Endocrinol. Metab. 80(12),
3657-3661 (1995).

Brown MA, Haughton MA, Grant SF,
Gunnell AS, Henderson NK, Eisman JA:
Genetic control of bone density and turnover:
role of the collagen 1o, estrogen receptor,

and vitamin D receptor genes. /. Bone Miner.

Res. 16(4), 758-764 (2001).

Mora S, Gilsanz V: Establishment of peak
bone mass. Endocrinol. Metab. Clin. North
Am. 32, 39-63 (2003).

Bailey DA, McKay HA, Mirwald RL,
Crocker PR, Faulkner RA: A six-year
longitudinal study of the relationship of
physical activity to bone mineral accrual in
growing children: the University of
Saskatchewan bone mineral accrual study.
J. Bone Miner. Res. 14, 1672-1679 (1999).

Bass S, Pearce G, Bradney M et al.:

Exercise before puberty may confer residual
benefits in bone density in adulthood: studies
in active prepubertal and retired female
gymnasts. /. Bone Miner. Res. 13(3), 500-507
(1998).

Cooper C, Cawley M, Bhalla A ez al.:
Childhood growth, physical activity and peak
bone mass in women. /. Bone Miner. Res.

10(6), 940-947 (1995).
Janz KF, Burns TL, Torner JC ez al.: Physical

activity and bone measures in young children:
the Iowa bone development study. Pediatrics
107(6), 1387-1393 (2001).

Lee WTK, Leung SS, Leung DM ez al.:
Bone mineral acquistion in low calcium
intake children following the withdrawal of
calcium supplement. Acta Paediatr. 86(6),
570-576 (1997).

Lee WTK, Leung SSF, Leung DM,
Cheung JC: A follow-up study on the effects
of calcium supplement withdrawal and

puberty on bone acquisition in children.
Am. J. Clin. Nutr. 64(1), 71-77 (1996).
Lloyd T, Andon MB, Rollings N ez al.:
Calcium supplementation and bone mineral
density in adolescent girls. JAMA 270(7),
841-844 (1993).

144

49

50

51

52

53

54

55

56

57

58

59

60

Johnston CC, Miller JZ, Slemenda CW et al.:
Calcium supplementation and bone mineral
density in children. V. Engl. J. Med. 327(2),
82-87 (1992).

Chan GM, Hoffman K, Mc Murry M:
Effects of dairy products on bone and body
composition in pubertal girls. /. Pediatr.
126(4), 551-556 (1995).

Bonjour JP, Carrie AL, Ferrari S ez al.:
Calcium-enriched foods and bone mass
growth in prepubertal girls: a randomized
double-blind, placebo-controlled trial. /. Clin.
Invest. 99(6), 1287-1294 (1997).

Nowson CA, Green RM, Hopper JL ez al.:
A co-twin study of the effects of calcium
supplementation on bone density during
adolescence. Osteoporos. Int. 7(3), 219-225
(1997).

Slemenda CW, Peacock M, Hui S, Zhou L,
Johnston CC: Reduced rates of skeletal
remodelling are associated with increased
bone mineral density during the development
of peak skeletal mass. /. Bone Miner. Res.
12(4), 676-682 (1997).

Sundberg M, Gardsell P, Johnell O ez al.:
Peripubertal moderate exercise increases bone
mass in boys but not in girls: a population-
based intervention study. Osteoporos. Int.

12(3), 230-238 (2001).

Petit MA, McKay HA, MacKelvie KJ,
Heinonen A, Khan KM, Beck T7J:

A randomised school-based jumping
intervention confers site and maturity specific
benefits on bone structural properties in girls:
a hip structural analysis study. /. Bone Miner.
Res. 17(3), 363-372 (2002).

Heinonen H, Sievanen H, Kannus P, Oja P,
Pasanen M, Vuori I: High-impact exercise
and bones in growing girls: a 9-month
controlled trial. Osteaporos. Int. 11(12),
1010-1017 (2000).

Fuchs RK, Buauer JJ, Snow CM: Jumping
improves hip and lumbar spine bone mass in
prepubescent children: a randomised controlled
trial. /. Bone Miner. Res. 16(1), 148—156 (2001).

Bradney M, Pearce G, Naughton G ez al.:
Moderate exercise during growth in
prepubertal boys: changes in bone mass, size,
volumetric density and bone strength:

a controlled prospective study. /. Bone Miner.
Res. 13(12), 18114—18121 (1998).

Blimkie CJR, Rice S, Webber CE, Martin J,
Levy D, Gordon CL: Effects of resistance
training on bone mineral content and density

in adolescent females. Can. J. Physiol.
Pharmacol. 74(9), 1025-1033 (1996).
Morris FL, Naughton GA, Gibbs JL,
Carlson JS, Wark JD: Prospective ten-month
exercise intervention in premenarchal girls:

positive effects on bone and lean mass. /. Bone

Miner. Res. 12(9), 1453-1462 (1997).

Int. J. Clin. Rheumatol. (2009) 4(2)

61

62

63

64

65

66

67

68

69

70

71

72

73

Bonjour JP, Chevalley T, Ammann P,
Slosman D, Rizzoli R: Gain in bone mineral
mass in prepubertal girls 3.5 years after
discontinuation of calcium supplementation:
a follow-up study. Lancer 358(9289),
1208-1212 (2001).

Halioua L, Anderson JJB: Lifetime calcium
intake and physical activity habits:
Independent and combined effects on the
radial bone of healthy premenopausal
Caucasian women. Am. J. Clin. Nutr. 49(3),
534-541 (1989).

Welten DC, Kemper HCG, Post GB,

van Staveren WA: A meta-analysis of the
effects of calcium intake on bone mass in
young and middle-aged females and males.

J. Nutr. 125(11), 2802-2813 (1995).

Anderson JJB, Rondano PA: Peak bone mass
development of females: can young adult
women improve their peak bone mass? /. Am.

Coll. Nutr. 15(6), 570-574 (1996).

Recker RR, Davies M, Hinders SM,
Heaney RP, Stegman MR, Kimmel DB:
Bone gain in young adult women. JAMA
268(17), 2403-2408 (1992).

Baran D, Sorensen A, Grimes |, Lew R,
Karellus A, Johnson B, Roche J: Dietary
modifications with dairy products for
preventing vertebral loss in premenopausal
women: a three-year study. /. Clin.
Endocrinol. Metab. 70, 264270 (1989).

Smith EL, Gilligan C, Smith PE, Sempos CT:
Calcium supplementation and bone loss in
middle-aged women. Am. J. Clin. Nutr.
50(4), 833—-842 (1989).

Rico H, Revilla M, Villa LF,

Alkvarez de Buergo M, Arribas I:
Longitudinal study of the effect of calcium
pidolate on bone mass in eugonadal women.

Calcif. Tissue Int. 54(6), 477-480 (1994).

Prior JC, Vigna YM, Barr SI, Rexworthy C,
Lentle BC: Cyclic medroxyprogesterone
treatment increases bone density: a controlled
trial in active women with menstrual cycle

disorders. Am. J. Med. 96(6), 521-530 (1994).

Tollrian R, Dodson SI: The Ecology and
Evolution of Inducible Defenses. Princeton
University Press, NJ, USA (1999).

Barker DJ: The fetal and infant origins of
disease. Eur. J. Clin. Invest. 25(7), 457463
(1995).

Cooper C, Fall C, Egger P, Hobbs R,
Eastell R, Barker D: Growth in infancy and
bone mass in later life. Ann. Rheum. Dis.
56(1), 17-21 (1997).

Gale CR, Martyn CN, Kellingray S,

Eastell R, Cooper C: Intrauterine
programming of adult body composition.

J. Clin. Endocrinol. Metab. 86(1), 267-272
(2001).

future science group



74 Cooper C, Eriksson JG, Forsen T,
Osmond C, Tuomilehto J, Barker DJ:
Maternal height, childhood growth and risk
of hip fracture in later life: a longitudinal
study. Osteoporos. Int. 12(8), 623-629 (2001).

Large population study demonstrating the
link between poor growth early in life and

increased risk of hip fracture in later life.

75 Javaid MK, Eriksson ]G, Valimaki M]J et a/.:
Growth in infancy and childhood predicts
hip fracture risk in late adulthood. Bone
36(Suppl. 1), S38 (2005) (Abstract).

76 Javaid MK, Lekamwasam S, Clark J ez al.:
Infant growth influences proximal femoral
geometry in adulthood. /. Bone Miner. Res.
21(4), 508-512 (2006).

77 Cooper C, Dennison EM, Leufkens HG,
Bishop N, van Staa TP: Epidemiology of
childhood fractures in Britain: a study using
the General Practice Research Database.

J. Bone Miner. Res. 19(12), 1976-1981
(2004).

Thorough study of the epidemiology of
fractures in the UK.

78  Widdowson EM: Intrauterine growth
retardation in the pig. I. Organ size and
cellular development at birth and after growth
to maturity. Biol. Neonate 19, 329-340
(1971).

79  Widdowson EM, McCance RA: The effect of
finite periods of undernutrition at different
ages on the composition and subsequent
development of the rat. Proc. R. Soc. Lond., B,
Biol. Sci. 158, 329-342 (1963).

80 Mehta G, Roach HI, Langley-Evans S ez al.:
Intrauterine exposure to a maternal low
protein diet reduced adult bone mass and

alters growth plate morphology in rats. Calcif:
Tissue Int. 71(6), 493—498 (2002).

81  Oreffo RO, Lashbrooke B, Roach HI,
Clarke NM, Cooper C: Maternal protein
deficiency affects mesenchymal stem cell

activity in the developing offspring. Bone
33(1), 100-107 (2003).

82 Lanham S, Roberts C, Cooper C, Oreffo RO:
Intrauterine programming of bone. Part 1:
alterations of the osteogenic environment.
Osteoporos. Int. 19(2), 147-156 (2008).

83 Lanham S, Roberts C, Perry MJ, Cooper C,
Oreffo RO: Intrauterine programming of

bone. Part 2: alteration of skeletal structure.

Osteoporos. Int. 19(2), 157-167 (2008).

future science group

84

85

86

87

88

89

90

91

92

93

Maternal nutrition and bone health in the offspring

Godfrey K, Walker-Bone K, Robinson S

et al.: Neonatal bone mass: influence of
parental birthweight, maternal smoking, body
composition, and activity during pregnancy.

J. Bone Miner. Res. 16(9), 1694-1703 (2001).

Harvey NC, Javaid MK, Poole JR ez al.:
Paternal skeletal size predicts intrauterine

94

bone mineral accrual. /. Clin. Endocrinol.

Merab. 93(5), 1676-1681 (2008).

Harvey NCW, Javaid MK, Taylor P ez al.: 95
Umbilical cord calcium and maternal
vitamin D status predict different lumbar
spine bone parameters in the offspring at

9 years. J. Bone Miner. Res. 19, 1032 (2004)
(Abstract).

Javaid MK, Godfrey KM, Taylor P ez al.:
Umbilical venous IGF-1 concentration,

96

neonatal bone mass and body composition.

J. Bone Miner. Res. 19(1), 56—63 (2004).

Javaid MK, Godfrey KM, Taylor P ez al.:
Umbilical cord leptin predicts neonatal bone
mass. Calcif: Tissue Int. 76(5), 341-347
(2005).

Jones G, Riley MD, Dwyer T: Maternal diet o7
during pregnancy is associated with bone
mineral density in children: a longitudinal

study. Eur. J. Clin. Nutr. 54(10), 749-756
(2000).

Tobias JH, Steer CD, Emmett PM,
Tonkin RJ, Cooper C, Ness AR; ALSPAC
study team: bone mass in childhood is related 98

to maternal diet in pregnancy. Osteaporos. Int.

16(12), 1731-1741 (2005).

Ganpule A, Yajnik CS, Fall CH ez al.:

Bone mass in Indian children-relationships to 99
maternal nutritional status and diet during
pregnancy: the Pune Maternal Nutrition
Study. /. Clin. Endocrinol. Metab. 91(8),
2994-3001 (2006).

100

Well-conducted population study
relating maternal diet in pregnancy to
offspring health.

Cole Z, Gale C, Javaid M et al.: Maternal

dietary patterns during pregnancy and

childhood bone mass: a longitudinal study. 201
J. Bone Miner. Res. DOI:
10.1359/jbmr.081212 (2008)

(Epub ahead of print).
Javaid MK, Crozier SR, Harvey NC et al.:

Maternal vitamin D status during pregnancy 202

and childhood bone mass at age 9 years:
a longitudinal study. Lancer. 367(9504),
36-43 (2006).

www.futuremedicine.com

First paper to show that maternal deficiency
in circulating vitamin D during pregnancy is
associated with reduced bone mineralization

in the offspring 9 years later.
Cooper C, Westlake S, Harvey N, Javaid K,

Dennison E, Hanson M: Review:
developmental origins of osteoporotic
fracture. Osteoporos. Int. 17, 337-347
(20006).

Tobias JH, Cooper C: PTH/PTHIrP activity
and the programming of skeletal development
in utero. /. Bone Miner. Res. 19(2), 177-182
(2004).

Martin R, Harvey NC, Crozier SR ez al.:
Placental calcium transporter (PMCA3) gene
expression predicts intrauterine bone mineral
accrual. Bone 40(5), 1203-1208 (2007).

Authors measure mRNA expression of an
active placental calcium transporter and
relate to infant bone mineralization.
Increased transporter expression was
associated with increased neonatal

bone strength.

Specker BL: Vitamin D requirements during
pregnancy. Am. J. Clin. Nutr. 80(Suppl.),
1740-1747 (2004).

Excellent comprehensive review of literature
relating to vitamin D in pregnancy. Good

coverage of existing clinical trial data.

Cranney A, Horsley T, O’'Donnell S ez al.:
Effectiveness and safety of vitamin D in
relation to bone health. Evid. Rep. Technol.
Assess. (Full Rep.) (158), 1-235 (2007).

Goldber AD, Allis CD, Berstein E:
Epigenetics: a landscape takes shape. Cel/
128, 63-68 (2007).

Morgan HD, Santos F, Green K, Dean W,
Reik W: Epigenetic reprogramming in
mammals. Hum. Mol. Genet. 14, R47-R58
(2005).

Websites

Osteoporosis: both health organizations and
individuals must act now to avoid an
impending epidemic. Press release WHO/58,
11 October (1999).
www.who.int/inf-pr-1999/en/pr99-58.html

Hospital Episode Statistics. England (2006).
www.hesonline.org.uk/Ease/servlet/
ContentServer?sitel D=1937&
categorylD=192

145




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


