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Abstract

Adverse programming of adult non-communicable disease can be induced by poor maternal
nutrition during pregnancy and the periconception period has been identified as a vulnerable
period. In the current study, we used a mouse maternal low-protein diet fed either for the
duration of pregnancy (LPD) or exclusively during the preimplantation period (Emb-LPD)
with control nutrition provided thereafter and postnatally to investigate effects on fetal bone
development and quality. This model has been shown previously to induce cardiometabolic
and neurological disease phenotypes in offspring. Micro 3D computed tomography examination
at fetal stages Embryonic day E14.5 and E17.4, reflecting early and late stages of bone formation,
demonstrated LPD treatment caused increased bone formation of relative high mineral density
quality in males, but not females, at E14.5, disproportionate to fetal growth, with bone quality
maintained at E17.5. In contrast, Emb-LPD caused a late increase in male fetal bone growth,
proportionate to fetal growth, at E17.5, affecting central and peripheral skeleton and of reduced
mineral density quality relative to controls. These altered dynamics in bone growth coincide
with increased placental efficiency indicating compensatory responses to dietary treatments.
Overall, our data show fetal bone formation and mineral quality is dependent upon maternal
nutritional protein content and is sex-specific. In particular, we find the duration and timing
of poor maternal diet to be critical in the outcomes with periconceptional protein restriction
leading to male offspring with increased bone growth but of poor mineral density, thereby
susceptible to later disease risk.

Introduction

Exposure to poor maternal nutrition during pregnancy may adversely affect fetal growth and
development and lead to increased risk of non-communicable disease in adulthood, a concept
embodied within the ‘Developmental Origins of Health and Disease’ (DOHaD) hypothesis. The
programming of adult disease in utero has been demonstrated in epidemiological, clinical and
animal models, contributing in particular not only to cardiometabolic dysfunction such as
hypertension and metabolic syndrome but also affecting a range of bodily systems.1,2 A recent
focus in developmental origins of disease has concerned the timing during gestation when poor
maternal nutrition or other environmental conditionsmay induce adverse effects. This has iden-
tified the period around mammalian conception and early embryogenesis to be particularly
vulnerable to changes in the immediate environment.3

The relationship between maternal nutrition and bone structure and function throughout
life has been investigated, with evidence to suggest that maternal diet may influence the suscep-
tibility of offspring to osteoporosis by altering bone mineral density accrual.4–7 Moreover, poor
growth during fetal life, infancy and childhood is associated with decreased bone mass in adult-
hood and an increased risk of fracture.8 In a rat model of maternal low-protein diet (LPD) nutri-
tion during pregnancy, known to induce offspring diabetes, kidney disease and hypertension, we
found a LPD also caused alterations in the osteogenic environment of postnatal offspring lead-
ing to deficiency in bone structure and strength, particularly in femoral heads and midshaft
tibiae, in female offspring in old age.9–12

A focus of the current study using the rodent LPD model was to determine the origin of the
bone-related disease phenotype during development in relation to deficient maternal nutrition.
Our previous work has shown maternal LPD targeted exclusively to the period of preimplan-
tation development in rats andmice with normal nutrition thereafter and postnatally (treatment
known as Emb-LPD) was sufficient to induce cardiometabolic and neurological disease in adult
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offspring.13–15 These data add weight to the periconceptional origin
of disease mediated through maternal LPD.3 Recently, we substan-
tiated this association and demonstrated that paternally adminis-
tered LPD during mouse spermatogenesis was also sufficient to
modulate fetal growth, bone development and mineral density
distribution.16

We hypothesise that poor maternal nutrition around the time
of conception may adversely affect bone growth and resulting
density. Here, we report the influence of maternal Emb-LPD or
sustained LPD at two time points during fetal development to
evaluate sex-specific effects on bone growth and quality.

Methods and materials

Animal care, treatments and experimental design

All animal experimentation was performed under license from the
UK Home Office in accordance with regulations and with local
ethics committee approval. MF1 mice were bred in-house within
the University of Southampton Biomedical Research Facility and
kept on a 0700–1900 h light cycle at a temperature of 20–22 °C,
with water and diet provided ad libitum. Virgin female MF1 mice
(7–8.5 weeks) previously maintained on standard laboratory chow
(Special Diet Services) were housed singly overnight with MF1
males. The presence of a vaginal plug the following morning indi-
cated successful mating. Plug positive females were housed singly
and allocated randomly to one of three isocaloric diet regimes (sup-
plied by Special Dietary Services Ltd, UK) whose full composition
have been published previously.14,17 These comprised: (i) normal
protein diet (NPD; 18% casein) maintained throughout gestation;
(ii) LPD (9% casein) maintained throughout gestation; or (iii) LPD
maintained only for the preimplantation period up to Embryonic
day E3.5 before switching to NPD for the remainder of gestation
(Emb-LPD). Dams were culled at either Embryonic day E14.5 or
Embryonic day E17.5 and fetuses, placentae, yolk sacs and viscera
weighed and stored at −80 °C for further analyses. For 3D com-
puted tomography and histological studies on fetal skeleton
described below, samples were subsequently fixed in 10% formalin.

3D computed tomography

Whole fetuses (excluding the skull) were scanned using a Skyscan
1176 in vivomicro-CT scanner (μCT; Skyscan, Kontich, Belgium).
All scans were taken at 45 kV, 550 μA with no filter. Voxel size was
18 μm. Reconstructed volume images were analysed using Skyscan
CTAn software version 1.12. Data analysed was either complete
skeleton or individual bones and comprised volume or volume/
density plots. Phantoms of known density (Skyscan) were used
to determine bone mineral density of bones. From direct visual
analysis, the cut-off for bone visualisation was determined to be
−25 mg cm−3. For low- and high-density bone analysis, thresholds
were set at −25 to 34 mg cm−3 (low range) and 200–535 mg cm−3

(high range) as used previously.16 In addition, a developmental
index (DI) score was used to collate relative progression of new
bone formation for the front right paw (0–3; 1 when metacarpals
present; 2 when proximal phalanges present; 3 when distal
phalanges present) and tail vertebrae (number of vertebral
bodies visible below the pelvis).18

Histology

Fetal forelimbs from female fetuses (one per dam) at E17.5 were
dissected, fixed in 10% formalin for 24 h, alcohol dehydrated

and embedded in paraffin, and cut to generate longitudinal
4 μm sections of the humerus with consecutive sections stained
for Haematoxylin/eosin, 1% Alcian blue and 2% Alizarin red
(Sigma) (adapted from19 to visualise cartilage and mineralised
bone, respectively). Slides were viewed on an Olympus SZX10
microscope, images at the precise mid-longitudinal axis were
analysed using Image J and area measurements of bone develop-
ment compared across dietary treatment.

Statistics

For μCT, at least 10 dams were used for each diet group and one
male and one female offspring analysed per dam. For humerus his-
tology, five to eight female fetal samples from five to eight dams
were used per treatment (control: n = 6; Emb-LPD: n = 8; LPD:
n = 7). All fetal data were analysed using a multilevel random-
effects regression model using PASW for Windows program
version 21 (SPSS UK, Woking, Surrey, United Kingdom). Thus,
differences identified between treatment groups are independent
of maternal origin of litter and litter size.14 Data are presented
as mean ± 95% confidence limits unless otherwise shown; signifi-
cance was determined with a P value of 0.05 or lower.

Results

Fetal stage E14.5

Early bone development was assessed by μCT in E14.5 fetuses.
At this stage, bone formation is minimal but LPD total bone
volume (TBV) was increased relative to other groups and with
male (P < 0.05) and female (P < 0.05) fetuses, increased over
NPD controls (Fig. 1a). Mean TBV in Emb-LPD fetuses was
similar to control although reduced in females (P < 0.05;
Fig. 1a). Representative μCT images of males are shown in
Fig. 1b where the clavicle (arrowed Fig. 1b) is the main bone
mineralised at this stage, as shown previously,20 but with more
substantial bone growth including ribs (R, Fig. 1b) evident in
the LPD group.

Increased bone growth in E14.5 LPD fetuses at least in part
reflects an increase in conceptus and fetal mass at this stage, evi-
dent particularly in male fetuses. This was not associated with
accompanying significant increase in viscera, placenta or yolk
sac masses, resulting in increased placental efficiency (defined
here as fetal/placental mass ratio) in LPD males (P < 0.05;
Table 1). As a consequence, LPD males have an increased
TBV ratio with fetal mass (P < 0.05; Fig. 1c), not evident for vis-
cera/fetal mass ratio (Table 1), reflecting disproportionate
growth of bone in LPD male fetuses. TBV/placental and yolk
sac mass ratios are also increased in male LPD fetuses, indicat-
ing increased placental and yolk sac efficiency in facilitating this
bone growth (P < 0.05; Fig. 1c). LPD females, in contrast to LPD
males, tend not to show disproportionate bone growth with, for
example, viscera/fetal mass being increased relative to controls
(Table 1) while TBV ratios to fetal, placental and yolk sac masses
were similar to controls (Fig. 1c). Emb-LPD males and females
show similar bone growth and relations to conceptus growth to
controls (Table 1, Fig. 1c). E14.5 TBV and fetal mass for all treat-
ments are positively correlated (P < 0.05; Table 2) and show
clearly in LPD how bone growth was activated after a threshold
fetal weight was reached (Fig. 1d).

More specific μCT analyses were performed on the E14.5
clavicle. LPD clavicle volume was increased relative to other
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Fig. 1. Effect of maternal diets on fetal bone growth at E14.5 with error bars shown as SEM andwith P values at significant and trend level indicated between treatments. (a) Total
bone volume is increased in bothmale and female LPD fetuses. (b) Representative μCT images of control, Emb-LPD and LPD skeletons (all males), at E14.5, themain bone formed is
the clavicle (arrowed) while ribs have also partially formed in the more advanced LPD fetus. (c) Total bone volume ratio to fetal mass, placental mass and yolk sac mass showing
disproportionate growth and increased placental and yolk sac efficiency ofmale and female LPD fetuses versus controls. (d) Correlation between total bone volume and fetal mass
showing the increased bone growth evident in LPD fetuses. For all graphs for each sex, n = 14–24 from 10 to 13 different mothers per treatment.
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groups and significant in males (P < 0.05; Fig. 2a). By separate
analysis of low and high clavicle bone density (see Methods),
LPD displayed reduced volume of low and increased volume
of high density relative to other groups and evident in both male

and female fetuses (P < 0.05), resulting in a reduced low/high
bone density ratio (Fig. 2b). As observed for TBV above, the
clavicle volume/fetal mass and /placental mass ratios were also
significantly increased in E14.5 LPD males (P < 0.05; Fig. 2c).

Table 1. Masses (g) and ratios of different parts of the conceptus at E14.5 or E17.5 of gestation exposed to maternal diets during pregnancy

Sex Treatment Conceptus Fetus (f) Placenta (p) Yolk sac (ys) Viscera (v) f/p ratio f/ys ratio v/f ratio

E14.5 Males Control Mean 0.5481 a 0.2576 a 0.124 0.0349 ab 0.018 2.1275 a 8.026 0.071

SEM 0.024 0.013 0.005 0.004 0.001 0.130 0.617 0.002

EmbLPD Mean 0.5581 a 0.2592 a 0.118 0.0369 a 0.018 2.2213 a 7.762 0.069

SEM 0.013 0.007 0.003 0.003 0.001 0.071 0.554 0.002

LPD Mean 0.6266 b 0.3195 b 0.125 0.0459 b 0.024 2.6109 b 7.321 0.073

SEM 0.013 0.011 0.004 0.002 0.001 0.097 0.363 0.004

Females Control Mean 0.57 a 0.2797 ab 0.110 0.0331 a 0.0182 a 2.648 8.8044 a 0.0661 a

SEM 0.021 0.014 0.006 0.002 0.001 0.143 0.567 0.003

EmbLPD Mean 0.5165 b 0.2412 a 0.101 0.0398 b 0.0173 a 2.505 7.1525 b 0.0717 ab

SEM 0.009 0.006 0.005 0.005 0.001 0.187 0.701 0.003

LPD Mean 0.5685 a 0.2918 b 0.113 0.040 b 0.0214 b 2.610 7.5702 b 0.0730 b

SEM 0.019 0.012 0.004 0.0018 0.001 0.103 0.325 0.002

E17.5 Males Control Mean 1.265 0.923 0.1675 a 0.083 0.0758 5.6629 a 12.482 0.0813

SEM 0.039 0.038 0.006 0.007 0.006 0.247 1.814 0.004

EmbLPD Mean 1.329 1.036 0.1583 ab 0.082 0.0847 6.5872 ab 13.424 0.0815

SEM 0.045 0.038 0.006 0.007 0.005 0.324 1.455 0.003

LPD Mean 1.250 0.957 0.1487 b 0.092 0.0803 6.4878 b 11.746 0.0838

SEM 0.052 0.054 0.008 0.009 0.005 0.371 1.803 0.003

Females Control Mean 1.243 0.909 0.1620 a 0.078 0.0758 5.7497 a 13.406 0.0828

SEM 0.041 0.037 0.010 0.009 0.005 0.279 2.157 0.003

EmbLPD Mean 1.274 0.990 0.1488 ab 0.093 0.0790 6.7196 ab 11.313 0.0796

SEM 0.018 0.023 0.005 0.007 0.004 0.290 1.019 0.003

LPD Mean 1.208 0.943 0.1412 b 0.083 0.0783 6.6690 b 11.534 0.0829

SEM 0.038 0.038 0.008 0.006 0.004 0.377 0.896 0.003

Litter size was accounted for during statistical analysis. Different letters within columns, developmental day, and sexes indicate significant differences (P < 0.05). Letters in italics indicate
differences at trend level (P < 0.1).

Table 2. Correlation between bone volume and conceptus masses at E14.5 or E17.5 of gestation exposed to maternal diets during pregnancy

Fetal mass Placenta mass Yolk sac mass

Correlation coefficient P-value Correlation coefficient P-value Correlation coefficient P-value

E14.5 Male 0.41 0.00* −0.03 0.55 0.10 0.09$

Female 0.35 0.00* 0.12 0.04* −0.01 0.85

Control 0.36 0.00* 0.14 0.04* 0.00 0.99

EmbLPD 0.25 0.00* 0.01 0.73 0.01 0.69

LPD 0.48 0.00* −0.04 0.71 0.05 0.65

E17.5 Male 0.79 0.00* 0.33 0.10$ −0.44 0.02*

Female 0.69 0.00* 0.39 0.09$ 0.07 0.74

Control 0.53 0.02* 0.13 0.75 −0.04 0.88

EmbLPD 0.67 0.01* 0.16 0.30 −0.15 0.41

LPD 0.89 0.00* 0.41 0.12 −0.47 0.05*

Litter size was accounted for during all statistical analyses. When data were split by sex, diet treatment was accounted for, and when split by diet treatment, sex was accounted for. Asterisks (*)
highlight significant relationships (P < 0.05) and ($) highlight relationships at trend level (P < 0.1).
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The increase in bone growth evident in the LPD group also
resulted in an increased number of calcified ribs, particularly
in male fetuses (P = 0.07; Fig. 2d).

Collectively, by E14.5, the sustained LPD treatment resulted
in increased bone growth over controls, especially in males that

was disproportionate to the remaining viscera, coinciding with
increased fetal growth and placental efficiency, and this
response included sufficient mineralisation to ensure bone
structural quality. Emb-LPD treatment at E14.5 had minimal
or no effect on bone growth compared with controls.

Fig. 2. Effect of maternal diets on
individual bone growth and mineral
density quality at E14.5 with error
bars shown as SEM and with P values
at significant and trend level indicated
between treatments. (a) Clavicle bone
volume is increased in male but not
female LPD fetuses. (b) Clavicle nor-
malised low- and high-density bone
volumes and low/high-density bone
volume ratio showing reduced low
and increased high-density bone vol-
ume and reduced low/high-density
ratio in male and female LPD fetuses.
(c) Clavicle bone volume ratio to fetal
and placental masses indicating
increased bone growth and placental
efficiency in male but not female
LPD fetuses. (d) Number of calcified
ribs is increased in male but not
female LPD fetuses. For all graphs
for each sex, n = 14–24 from 10 to
13 different mothers per treatment.
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Fetal stage E17.5

μCT analysis
In all treatment groups, bone development at E17.5 was increased
extensively from E14.5, allowing μCT analysis of several torso
and limb bones. In contrast to E14.5 where LPD showed increased
bone growth, at E17.5 the Emb-LPD samples displayed increased
mean TBV compared with other groups, evident in both males
and females, although not significant (Fig. 3a and b). LPD male
and female TBV were similar to control (Fig. 3a). Representative
μCT images of E17.5 male skeletons are shown in Fig. 3b with
extensive bone formation evident.

The increased volume of Emb-LPD skeleton at E17.5 coincided
with an overall small mean increase in conceptus and fetal mass
in this group relative to others (Table 1). However, Emb-LPD pla-
cental and yolk sac mass were comparable to control indicating a
small, non-significant increase in Emb-LPD placental efficiency to
support fetal growth (fetal/placental ratio; Table 1). In contrast,
E17.5 LPD male and female conceptus and fetus masses were
similar to control yet had reduced placental mass (P < 0.05) result-
ing in a significant increase in placental efficiency (P < 0.05;
Table 1). However, in both treatment groups, while TBV was pos-
itively correlated with fetal weight (Table 2; Fig. 3c), both TBV and
viscera ratio with fetal mass were not affected by treatment, indi-
cating bone growth to be proportionate with fetal growth (Table 1;
data not shown). Moreover, TBV ratio to both placental and yolk
sac mass were unaffected by treatment, and correlations were less
clear, suggesting bone growth to be less dependent on their respec-
tive efficiencies (data not shown; Table 2).

Whenwhole skeletons were analysed additionally for distributions
of low- and high-density bone, Emb-LPD fetuses displayed increased
low-density bone (P < 0.06) and an increased low/high-density bone
ratio when compared to controls (P< 0.05; Fig. 3d). This was evident
only in male offspring with reduced high-density bone (P < 0.007)
and an increased low/high bone density ratio (P < 0.001) compared
with controls. No such differences were found between female off-
spring (Fig. 3d). In contrast, LPD whole skeleton volume andmineral
density was similar to control bone at E17.5 with male fetuses in par-
ticular, maintaining the high mineralisation found at E14.5 (Fig. 3d).
Interestingly, when high-density bone volume was normalised to fetal
and placental mass, Emb-LPDmales displayed a significantly reduced
ratio when comparedwith other treatments (P< 0.05; Fig. 3e), further
confirming that increased bone growth in Emb-LPDmales is of lower
mineral quality.

Broadly, similar patterns of bone growth and density were
found when specific bone regions were analysed separately
although distinct features were evident. Specifically, lumbar verte-
brae (Fig. 4a) in Emb-LPD male, but not female fetuses, exhibited
increased volume of low and decreased volume of high mineral
density (P = 0.06) compared with controls, while LPD males
tended to maintain less low density and more high-density bone
than controls (Fig. 4a). A similar pattern was found in the humerus
with male Emb-LPD and LPD fetuses showing reduced and main-
tained mineral density, respectively, compared with controls
(Fig. 4b). In the clavicle (Fig. 4c), while the same pattern was evi-
dent, differences were not significant.

The DI, a measure used for bone formation in paw and tail ver-
tebrae, further showed the advanced growth of Emb-LPD fetuses at
E17.5 with both paw and tail DI increased relative to other groups
(P < 0.09–0.001), and evident in males and females (Fig. 5a and b).

Collectively, by E17.5, the dynamics of bone growth and quality
had changed from E14.5 with Emb-LPD bone growth increased

relative to other groups and associated with proportionate fetal
growth. Moreover, in male fetuses, Emb-LPD bone growth was
predominantly of low rather than of high mineral density. LPD
bone growth broadly matched that of controls and normal bone
density quality was maintained.

Histological analyses

Bone developmental quality at E17.5 was further examined in
longitudinal sections of humerus from female fetuses across
dietary treatments for histology and histochemical staining for car-
tilage (Alcian blue, AB) and mineralisation (Alizarin red, AR)
(Fig. 6a–c). Measurement of the precise middle histological section
of each sample indicated controls had an increased cross-sectional
area compared with Emb-LPD or LPD treatments (P < 0.05;
Fig. 6d). However, humerus length was not different between treat-
ments (Fig. 6e) such that area/length was increased in controls
(Fig. 6f) and indicating the humerus to be marginally thinner in
Emb-LPD and LPD. AB staining was observed within the upper
and lower extremities and AR within the central region of each
humerus longitudinal section (Fig. 6a–c). The percentage of area
occupied by AB (either totally or upper or lower regions separately)
and AR was not different between treatments (Fig. 6g–k) although
the mean value for lower AB domain was highest in Emb-LPD as
was the lower/higher AB ratio (Fig. 6i and j).

Discussion

Our study reveals that poor maternal nutrition, either throughout
gestation or limited to just preimplantation development, was suf-
ficient to alter both the rate of fetal bone growth and the mineral
density quality in a pattern that is dependent upon dietary treat-
ment timing and duration, stage of fetal growth and offspring
sex with males being most affected. We also find the dynamics
of bone growth and quality are further influenced by overall con-
ceptus growth with both Emb-LPD and LPD showing evidence of
increased placental efficiency as defined by fetal/placental mass
ratio, a commonly used correlate of placental efficacy in develop-
mental programming.21 To characterise and interpret these effects,
the two treatments are first considered separately.

Maternal LPD treatment throughout gestation led to increased
fetal bone growth at E14.5 at the onset of osteogenesis, evident in
increased clavicle volume and rib number in both male and female
offspring. This increased bone growth, while correlated to fetal
growth, is in excess to the remaining viscera and fetal growth
and reflects evidence of increased placental efficiency in males.
Moreover, male LPD bone growth comprises increased volumes
of high mineral density compared with controls, indicating com-
pensatory responses to poor maternal nutrition, discussed below,
are sufficient to protect gestational skeletogenesis. In late gestation
(E17.5), when the bulk of the skeleton has been developed shortly
before term, LPD bone and fetal growth have effectively slowed or
plateaued in that they become similar to controls yet bone mineral
density quality is maintained in both sexes. This confirms the
capacity for compensatory responses to stabilise skeletal develop-
ment despite the sustained condition of undernutrition. However,
our past studies indicate the sustained LPD treatment leads to
altered postnatal osteogenic environment and deficiency in bone
structure in old age in females but not males.7,11,12

In contrast to the LPD, the overall pattern of offspring bone
growth and quality following the short-term Emb-LPD treatment
is quite distinct. At E14.5, Emb-LPDmale and female offspring are
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Fig. 3. Effect of maternal diets on bone growth and mineral density quality at E17.5 with error bars shown as SEM and with P values at significant and trend level indicated
between treatments. (a) Total bone volume is increased as amean but not significantly inmale and female Emb-LPD fetuses versus controls (for each sex, n= 9–10 each from 9 to 10
different mothers, per treatment). (b) Representative μCT images of control, Emb-LPD and LPD skeletons (all males), at E17.5 bone formation is well advanced and main central
and peripheral bones are indicated. (c) Total bone volume ratio is positively correlated with fetal mass for all treatments (for each sex, n= 9–10 from 9 to 10 different mothers per
treatment). (d) Whole skeleton normalised low- and high-density bone volumes and low/high-density bone volume ratio showing reduced high-density bone volume and
increased low/high-density ratio in male but not female Emb-LPD fetuses versus controls (for each sex, n = 8–10 from 8 to 10 different mothers, per treatment). (e) High-density
bone volume ratio to fetal and placental mass showing a reduced high-density bone volume to fetal mass rato inmale but not female Emb-LPD fetuses (for each sex, n= 8–10 from
8 to 10 different mothers per treatment).
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Fig. 4. Effect of maternal diets on individual bone growth and mineral density quality at E17.5 with error bars shown as SEM and with P values at significant and trend level
indicated between treatments. (a) Lumbar vertebra normalised low- and high-density bone volumes and low/high-density bone volume ratio showing increased low and reduced
high-density bone volumes (trend level) and increased low/high-density ratio in male but not female Emb-LPD fetuses versus controls. (b) Humerus normalised low- and high-
density bone volumes and low/high-density bone volume ratio showing reduced high-density bone volumes and increased low/high-density ratio inmale but not female Emb-LPD
fetuses versus controls. (c) Clavicle normalised low- and high-density bone volumes and low/high-density bone volume ratio across treatments showing no significant differences.
For all graphs, for each sex, n = 8–10 each from 8 to 10 different mothers per treatment.
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similar to controls in terms of bone growth and mineral density.
However, at E17.5, Emb-LPD offspring exhibit enhanced bone
growth across several bone types compared with controls that
broadly matches the rate of fetal growth and with evidence of
increased placental efficiency. Critically, and especially in male off-
spring, Emb-LPD bone growth is achieved at the expense of min-
eral density which is reduced compared with that of both controls
and LPD. Moreover, unlike male LPD at E14.5, male Emb-LPD
bone growth at E17.5 is less associated with placental and yolk
sac efficiency, suggesting their capacity to maintain bone mineral
quality has diminished. These bone characteristics of male Emb-
LPD offspring close to term match those recognised as vulnerable
to osteoporotic disease in later life.7

How might the two maternal dietary treatments lead to distinct
fetal bone growth and quality outcomes? Given the close relation-
ship between bone and fetal growth as discussed above, to answer
this requires consideration of the dietary influence on offspring
conceptus growth regulating mechanisms. Previous studies using

the mouse LPD/Emb-LPD model have identified that responses
occurring in offspring tissues differ between extra-embryonic
(placental, yolk sac) and embryonic/fetal tissues. Thus, a consistent
finding has been that both Emb-LPD and LPD induce changes in
placental and yolk sac lineages that augment maternal nutrient
transfer to offspring. Such compensation occurs from the blasto-
cyst stage and is multifaceted, including increased proliferation and
nutrient delivery mechanisms.14,22–25 Some of these extra-embryonic
modifications to poor diet supporting offspring survival are epigeneti-
cally regulated.26 Thus, activation of such extra-embryonic compen-
satory mechanisms by LPD and Emb-LPD would contribute to the
fetal growth and placental efficiency observed here.

The embryonic/fetal tissues respond to maternal LPD/Emb-
LPD treatments by activating a mechanism which coordinates
the rate of ribosome biogenesis, the basis of protein translation
and cellular growth, to the availability of maternal nutrients. By
this process, ribosome biogenesis and growth are restricted during
periods of maternal nutrient challenge but upon release of the

Fig. 5. Effect of maternal diets on developmental index
of front right paw and tail vertebrae at E17.5 with error
bars shown as SEMandwith P values at significant and trend
level indicated between treatments. (a) Representative μCT
images of front paw developmental index scores of 1–3
(left) and scores across treatments (right) showing
increased score in both male and female Emb-LPD
fetuses. (b) Representative μCT images of tail vertebra
developmental index scores of 5–7 (left) and scores
across treatments (right) showing increased score in
total and female Emb-LPD fetuses. For all graphs, for
each sex, n = 9–10 from 9 to 10 different mothers per
treatment.
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Fig. 6. Histological analysis of humerus within mid-longitudinal sections of female fetal forelimbs at E17.5. Error bars are shown as SEM andwith P values at significant and trend
level indicated between treatments (n = 5–8 each from 5 to 8 different mothers per treatment). (a–c) Representative micrograph images of Haematoxylin/eosin (a), Alcian blue
(cartilage) (b) and Alizarin red (mineral) (c) stained samples showing upper and lower Alcian blue and central Alizarin red domains within the humerus. (d–k) Area and staining
pattern proportions of humerus comprising total area (d), length (e), area/length (f), % Alcian blue of total area (g), % upper Alcian blue of total area (h), % lower Alcian blue of total
area (i), lower/upper Alcian blue area ration (j), and%Alizarin red of total area (k). Control samples have an increased area and area/length ratio versus Emb-LPD and LPD samples.
Scale bar = 2 mm.
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dietary challenge (as in Emb-LPD here), the restriction is lifted and
growth may occur beyond that of control treatment (Denisenko,
Lucas et al. 2016) mediated via mTORC1 signalling, known to be
modulated in the Emb-LPD blastocyst.23,27 This growth-regulating
mechanism is active across the lifespan and is again epigenetically
regulated, based upon manipulation of rRNA gene promoter DNA
methylation level.27

In the context of the current study, the combination of the
above extra-embryonic and embryonic adaptations following
maternal Emb-LPD, plus the non-restricted diet from implanta-
tion onwards, would all act as positive factors for both fetal and
bone growth, as observed at E17.5. In LPD, while extra-embryonic
compensatory responses would be activated, these would be tem-
pered by continued maternal undernutrition and suppressed
cellular biosynthesis, leading to fetal and bone growth that is
similar to controls at E17.5. What is interesting is the transient
advanced growth of LPD offspring at E14.5, suggesting short-
term compensation of placental activity overcoming restrictions
on growth control.

Our study provides further evidence that adverse environment
around conception is sufficient to activate conditions that may
lead to later-life disease and emphasise the particular risk of
transient undernutrition at a time when women would likely
not know they are pregnant.3 The periconceptional risk to bone
growth characteristics and mineral density quality have also
been identified in our earlier parallel mouse paternal study
where LPD fed to fathers exclusively over the period of sperma-
togenesis and spermiogenesis (7–9 weeks up to mating) gener-
ated at E17.5 fetuses with increased skeletal volume. Crucially,
paternally derived LPD led to fetal bone comprising an increased
proportion of low density and a reduced proportion of high min-
eral density bone compared with controls, using the same μCT
method of analysis as here.16

In conclusion, we show that mouse maternal dietary protein
restriction from the time of conception can alter the pattern of
development of the fetal skeleton in ways affecting bone growth
and mineral density. The duration and nature of dietary challenge
influence fetal outcomes with a transient Emb-LPD treatment in
particular provoking adverse bone structure mimicking conditions
found in adult bone disease. Mechanistically, maternal LPDs may
mediate effects on bone through fetal growth and placental effi-
ciency, especially affectingmale offspring.More detailedmolecular
steps in the adverse programming of bone phenotype need to be
focused from the time of conception onwards.
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