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Abstract
Maternal dietary vitamin D carry-over effects were assessed in young pigs to characterise skeletal abnormalities in a diet-induced model of
kyphosis. Bone abnormalities were previously induced and bone mineral density (BMD) reduced in offspring from sows fed diets with
inadequate vitamin D3. In a nested design, pigs from sows (n 23) fed diets with 0 (−D), 8·125 (+D) or 43·750 (+ +D) µg D3/kg from breeding
through lactation were weaned and, within litter, fed nursery diets arranged as a 2×2 factorial design with 0 (−D) or 7·0 (+D) µg D3/kg, each
with 95% (95P) or 120% (120P) of P requirements. Selected pigs were euthanised before colostrum consumption at birth (0 weeks, n 23),
weaning (3 weeks, n 22) and after a growth period (8 weeks, n 185) for BMD, bone mechanical tests and tissue mRNA analysis. Pigs produced
by +D or + +D sows had increased gain at 3 weeks (P< 0·05), and at 8 weeks had increased BMD and improved femur mechanical properties.
However, responses to nursery diets depended on maternal diets (P< 0·05). Relative mRNA expressions of genes revealed a maternal dietary
influence at birth in bone osteocalcin and at weaning in kidney 24-hydroxylase (P< 0·05). Nursery treatments affected mRNA expressions at
8 weeks. Detection of a maternal and nursery diet interaction (P< 0·05) provided insights into the long-term effects of maternal nutritional
inputs. Characterising early stages of bone abnormalities provided inferences for humans and animals about maternal dietary influence on
offspring skeletal health.
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Classical symptoms of vitamin D deficiency are associated with
rickets in growing animals and children and with osteomalacia in
adults(1–3); however, the prolonged effects of maternal dietary
vitamin D3 (D) on neonatal and adolescent development are less
characterised. Even less characterised are the relationships and
interactions between maternal and offspring dietary inputs,
specifically D, Ca and P. The implications of vitamin D deficiency
during pregnancy on fetal, neonatal and adolescent outcomes are
of growing concern in humans(4,5). Mahon et al.(6) concluded
that fetal femur development is correlated with maternal vitamin D
status and that changes could be detected by week 19 of gestation.
Hatun et al.(7) concluded that infants at the greatest risk for rickets
were those born to mothers with poor vitamin D stores.
In a longer-term observational study, Javaid et al.(8) followed-up
children born to mothers whose body type, nutrition and
vitamin D status had been characterised during pregnancy.

Reduced serum 25-OHD3 status during late pregnancy was
associated with reduced whole-body and lumbar bone mineral
content (BMC) at 9 years of age. These studies and other human
studies, which focus on understanding the relationships of D
during pregnancy with offspring outcomes, were based on
observational epidemiological studies(4,9). Major limitations of
these studies include confounding effects such as maternal
ethnicity, weight gain during pregnancy and season of
pregnancy, which lead to discrepancies in interpretations among
studies(5). Experiments in an animal model such as swine
allow control of the confounding variables, which limit studies
with humans.

Investigations into an unexplained incidence of kyphosis, an
idiopathic disease characterised by abnormal outward spinal
curvature, in the University of Wisconsin Swine Research
and Teaching Center (SRTC) herd led to implications of a

Abbreviations: BMC, bone mineral content; BMD, bone mineral density; BM, bending moment; BW, body weight; DXA, dual-energy X-ray absorptiometry.
−D, 0 µg D3/kg; +D, 8·125 µg D3/kg; + +D, 43·750 µg D3/kg; where 1 IU of vitamin D3 is defined as the biological activity of 0·025 µg cholecalciferol; D, vitamin
D3; FGF23, fibroblast growth factor 23; OCN, osteocalcin; qPCR; quantitative PCR; SRTC, University of Wisconsin Swine Research and Teaching Center;
VDR, vitamin D receptor; yME, yield modulus of elasticity.
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D deficiency that involved maternal diets(10). In the previous
experiment, 20–30% of 9-week-old pigs displayed visual
evidence of kyphosis if born from sows fed diets with no or
marginal additions of supplemental D during gestation and
lactation and if the pigs were fed diets low in D, Ca and P during
a nursery growth period. Classical signs of rickets were not
evident in these pigs, but lesions in the spinal column and
femur growth plates were observed.
Studies that have investigated the effects of maternal vitamin D

status on offspring vitamin D status, as measured by serum
25-OHD3 levels, reveal a close relationship(11,12). The inferences
from these studies were based on injections or mega-doses
of vitamin D rather than physiologically relevant dietary
D supplements to maternal diets. Most of the studies focused on
offspring responses at birth or at weaning and did not report animal
responses at later stages of growth. To our knowledge, a few, if any,
studies have investigated the relationships and interactions between
maternal and offspring dietary inputs of D, Ca and P. Knowledge of
maternal dietary influences on bone and soft tissue growth in
offspring challenged with marginal nutritional deficiencies of D,
Ca and P during neonatal and later growth stages would provide a
foundation for recommendations of nutritional supplements in
maternal diets, which would benefit animals and humans.
Limited evidence from controlled experiments is available to

characterise the interaction between maternal dietary D during
gestation and lactation and subsequent bone and soft tissue
responses in offspring. Results from our earlier studies have
provided evidence that dietary D deficits during gestation and
lactation had carry-over effects on neonatal pig growth and bone
integrity(10). The ability to nutritionally induce bone abnormalities
under controlled experimental conditions provides a unique
opportunity to further understand the role of D, Ca and P in pig

bone development that could be applied to other domesticated
animal species and humans. The current study was designed to
assess maternal dietary D carry-over effects on the early stages of
skeletal and soft tissue characteristics in the neonatal pig and to
assess molecular characteristics in these tissues that may mediate
the responses. The experiment was completed in the early
neonatal and growth periods before visual evidence of kyphosis
would be expected. Thus, no effort was made in this experiment
to assess the incidence of kyphosis.

Methods

Ethics statement

All animal procedures were approved (protocol A00865) by the
College of Agricultural and Life Sciences Animal Care and Use
Committee, University of Wisconsin-Madison. Animals selected
for tissue collections were humanely euthanised by electrical
stunning followed by exsanguination.

Experimental design and maternal diets

The current experiment was designed to assess the effects of
maternal dietary D concentrations on subsequent growth and
bone traits in neonatal and young growing pigs. An overview of
the experimental design that involved gestation, lactation
and nursery phases is outlined in Fig. 1. Cross-bred (PIC Large
White×Landrace), first-parity sows (n 22) were bred by
artificial insemination with semen collected from an individual
Line 19 boar (PIC Inc.). All sows and the boar were housed at the
SRTC throughout the trial. At breeding, sows were randomly
assigned (six, seven and nine sows per treatment, respectively) to

Dietary treatments at each production phase

Sow diets Nursery diets

++D +D –D –D, 0 µg/kg +D, 7.0 µg/kg

++D, 43.750 µg D3/kg

+D, 8.125 µg D3/kg

–D, 0 µg D3/kg

–D 95 P
–D 120 P

+D 95 P
+D 120 P

–D 95 P
–D 120 P

+D 95 P
+D 120 P

–D 95 P
–D 120 P

+D 95 P
+D 120 P

Bred Birth (0 week) Wean (3 week) Week 8

0 d Gestation
115 d

Lactation
23 d

Nursery
35 d

Production phase (d)

0.70 % Ca, 0.57 % P
(95 % of P requirement)

0.70 % Ca, 0.72 % P
(120 % of P requirement)

Fig. 1. Timeline of dietary treatments fed to sows during gestation and lactation and diets fed to nursery pigs. Maternal diets were formulated to supply either 0 (−D),
8·125 (+D), or 43·750, (++D) µg vitamin D3/kg diet in complete diets fed from breeding through the lactation phase. Nursery diets were formulated to supply either 0 µg
vitamin D3/kg (−D) or 7·0 µg vitamin D3/kg (+D) and either 95% (95P) or 120% of the P requirement (120P) for 10–20 kg pigs. Pigs were fed an adjustment diet during
the 1st week of nursery, which was consistent with routine diets fed to the herd (whey, maize, soyabean meal and oat groats), except that the diet contained no
supplemental vitamin D.

A swine model of vitamin D maternal carry-over 775

https://doi.org/10.1017/S0007114516002658  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114516002658


one of three dietary treatments that varied in D supplementation to
provide either 0, 8·125 or 43·750µg vitamin D3/kg diet.
Serum and milk samples were collected from sows and pigs

during the experiment, but were discarded because of a freezer
malfunction. Therefore, serum and milk analysis were not
possible.
The gestation and lactation diets routinely fed to sows at the

SRTC were used with the exception of D concentrations
(Table 1). Routine SRTC diets are formulated to provide
8·125 µg D3/kg diet from supplemental D additions to the
vitamin premix. This routine supplementation slightly exceeds
the 5.0 µg D3/kg minimum recommendation(13). In this experi-
ment, D was omitted from the standard vitamin premix and
added separately during diet mixing to provide either 0 (−D),
8·125 (+D) or 43·750 (++D) µg vitamin D3/kg diet. These levels
represent a negative control, the standard SRTC level and a
level that is more consistent with concentrations fed to sows in
the commercial swine industry, respectively.
The assigned diet was fed (2·2 kg/d) to gestating sows from

breeding (0 d) until parturition (Fig. 1). Sows were allowed to
farrow naturally, without induction of parturition. At parturition,
sows continued within their respective treatment groups, but
they were allowed continuous access to feed throughout a
23± 2-d lactation period. Sows were allowed continuous access
to water throughout the gestation and lactation periods. The
SRTC is an environmentally controlled building with no direct
sunlight exposure during any stage of the life cycle. Fluorescent
lights were controlled to provide cycles of 16 h light–8 h dark

during gestation and 12 h light–12 h dark during farrowing and
nursery phases.

Nursery diets and housing

Piglets were housed with the sow from birth through the
lactation phase and allowed uncontrolled access to the sow for
milk consumption. No creep feed was provided for piglets
during lactation. Pigs were weaned after a 23± 2-d lactation
period (3 weeks) and randomly assigned within a litter to one of
four nursery treatment groups (Fig. 1). Pigs were fed an
adjustment diet with no supplemental D for 1 week before
being fed treatment diets for 4 weeks. Nursery treatment diets
(Table 2) were formulated to supply either 0 (−D) or 7·0 (+D) µg
vitamin D3/kg, each with 95% (95P) or 120% (120P) of the P
requirement for 10–20 kg pigs(13). No phytase was added to
nursery diets. Dietary inputs were based on results from pre-
vious studies that revealed a stronger association between
vitamin D and P than between vitamin D and Ca in the bone
characteristics measured(10). The range in dietary P (95–120% of
requirements) was selected as a range that would not be
expected to induce changes in growth or bone traits(13,14).
This method allowed exploration of the effects due to slight
changes in dietary P fed to pigs produced by sows fed
no supplemental D. Final observations and tissue samples
were collected from pigs at 58± 2 d of age (8 weeks) after a 5-
week nursery phase.

At weaning, pigs (two, three or four pigs per pen) were
removed from the lactating sows and housed in nursery pens
(1·4× 2·4m) for 5 weeks (nursery phase). Pigs were allowed
ad libitum access to their assigned dietary treatments and water
throughout the nursery phase. Body weight (BW) was recorded
at birth (0 week), 3 weeks and weekly during the 5-week
nursery period.

Whole body and femur dual-energy X-ray absorptiometry
scans

At 0 week (n 23), 3 weeks (n 22) and 8 weeks (n 185), pigs
were selected for whole-body dual-energy X-ray absorptio-
metry (DXA) scans and tissue collection. Selected pigs were
euthanised before scans to facilitate tissue collection. The entire
pig was scanned in a ventral position using DXA (software
version 12.20; GE Lunar Prodigy) while in rigour. Selected DXA
scan modes were based on pig BW as described earlier(10) to
optimise the accuracy of whole-body BMC. In this experiment,
two scan modes were used (<20 kg, small animal mode; 20 to
46 kg, adult standard mode) to determine BMC (grams of bone
ash per pig) and bone mineral density (BMD; grams of bone ash
per square centimetre of skeletal tissue). The BMC values reflect
the amount of ash in the entire skeleton, and BMD values reflect
an adjustment in BMC for the size (area) of skeletal tissue. After
whole-body DXA scans, femurs were excised and subsequently
scanned using DXA (small animal scan mode) to determine
femur BMC and BMD. Femurs were sealed in plastic bags and
stored at − 20°C until mechanical test procedures were
completed.

Table 1. Ingredients and nutrient composition of the maternal gestation
and lactation diet (as-fed basis)*

Ingredients g/kg

Maize 824·50
Soyabean meal (48% crude protein) 118·55
L-Lys mHCl 1·00
Monocalcium phosphate 13·55
Ground limestone 8·50
Maize oil 10·00
Sodium chloride 4·00
UW VTMM-S (without D)†‡ 20·00
Total 1000·00
Calculated analysis§

Ca 6·5
Total P 6·0

NRC, National Research Council.
* Diet formulations were based on the standard gestation and lactation diets routinely

used at the UW Swine Research and Teaching Center with the exception of the use
of maize oil v. Max-Fat (a blend of animal and vegetable fats; Maxco Inc.) and the
inclusion of vitamin D. Sows were fed 2·2 kg/d during gestation and allowed
continuous access to feed during lactation.

† The University of Wisconsin vitamin trace mineral mix-sow (UW VTMM-S), without
D is a custom-mixed vitamin–trace mineral premix for gestation and lactation
without vitamin D. The premix provided the following nutrients (mg/kg diet): retinol,
1680; cholecalciferol, 0 (see footnote ‡); DL-α-tocopherol, 54; menadione
nicotinamide bisulphite, 0·75; nicotinamide, 22; biotin, 0·40; choline, 1350; folic
acid, 2·2; pantothenic acid, 24; riboflavin, 11; cyanocobalamin, 0·043; Cu, 4; I, 0·3;
Fe, 74; Se, 0·2; Mn, 22; and Zn, 90.

‡ Vitamin D3 was added to UW VTMM-S to supply either 0 (−D), 8·125 (+D) or
43·750 (+ +D) µg D3/kg complete diet for the +D gestation and lactation diets (1 IU
of vitamin D3 is defined as the biological activity of 0·025 µg cholecalciferol) but was
omitted in the −D diets.

§ Calculated analysis based on nutrient composition of feed ingredients in NRC(13).
Analysed values averaged across diet mixes were as follows: 6·5g Ca/kg diet; 6·0g P/
kg diet; 2·975, 10·375 and 40·500 µg D3/kg for –D, +D and ++D diets, respectively.
Calculated standardised total tract digestible PO4 was 3·7g P/kg diet based on NRC(26).
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Geometrical and mechanical test of femurs

Mechanical tests of femurs were completed as described ear-
lier(10). Excised femurs from pigs euthanised at 0 and 3 weeks
were tested using a three-point bending test. Excised femurs from
pigs euthanised at 8 weeks were tested using a four-point
bending test. Before the mechanical test, the femurs were scan-
ned using a computed tomography scanner (GE Lightspeed 16;
GE Medical System) to determine the cross-sectional moment of
inertia (MOI) as described earlier(14). Data from the load defor-
mation curves and MOI results were used to calculate the bone
mechanical properties as previously defined(15).

Quantitative real-time PCR

Sections of the kidney (cortex), intestine (duodenum) and
bone (right metatarsal) tissue were collected immediately upon
euthanasia of each pig, frozen in liquid N2 and stored at −80°C
until quantitative PCR (qPCR) analysis. The RNA isolation and
qPCR analyses of bone, kidney and intestinal tissue samples were
completed as described previously(16) with a few modifications.
Hypoxanthine phosphoribosyltransferase 1 (HPRT1) was used as
the reference gene for kidney and intestinal tissues. A geometrical
average of ribosomal protein S15 and ribosomal protein S18 was
used as the reference gene for bone tissue. These reference genes
were verified to be stably expressed across treatments within their
respective tissues. The qPCR data were analysed using the 2�ΔΔCt

method(17), with the pigs produced by sows fed –D diets serving
as the control for samples at 0 and 3 weeks and the pigs produced
by sows fed –D diets and –D95P nursery diets serving as the
control for samples at 8 weeks. The genes of interest associated
with vitamin D, Ca and P homoeostasis were 1-α hydroxylase
(CYP27B1), 24-hydroxylase (CYP24A1), the vitamin D receptor
(VDR), transient receptor potential cation channel subfamily

V member 6 (TRPV6) and fibroblast growth factor 23 (FGF23).
The genes of interest associated with bone metabolism were
receptor activator of NF-κB ligand (RANKL), osteocalcin (OCN)
and osteoprotegerin (OPG). The primer sequences are listed in
Table 3. Primer sequences were designed using Primer3 program
based on gene sequences obtained from the National Center for
Biotechnology Information except for VDR(18) and HPRT1(19). The
purity of RNA isolates was confirmed by spectrophotometric
analysis with a NanoDrop 2000c Spectrophotometer (Thermo
Fisher Scientific).

Statistical analysis

Data were analysed by regression analysis using mixed models,
general linear models and rank procedures (for discrete variables
generated by qPCR assays if data were not normally distributed)
using SAS version 9.2 (SAS Inst. Inc.). Analysis of data collected
from pigs at 0 and 3 weeks involved a randomised block design.
Analysis of data from samples collected from pigs at 8 weeks
involved a nested design in which nursery treatment groups
(−D95P, −D120P, +D95P, +D120P) were nested within maternal
treatment groups (−D, +D, ++D). The nested design was
analysed as a 3×4 factorial design to allow evaluation of pig
responses to the main effects of the three maternal diets, four
nursery diets and the interaction of maternal diets×nursery diets.
Even though maternal diets were fed to sows, the sow responses
to the diets were not evaluated in this experiment. Therefore, the
individual pig was considered as the experimental unit. Only
response criteria measured on individual pigs were considered.
Differences due to pig sex were not considered in the analysis.
Results are reported as the average of pigs within a treatment
group. Inferences among treatment groups were based on
orthogonal contrasts used to identify the main effects attributed

Table 2. Ingredients and nutrient composition of nursery diets (as-fed basis)*

Ingredients −D95P (g/kg) −D120P (g/kg) +D95P (g/kg) +D120P (g/kg)

Maize 658·26 654·12 658·26 654·12
Soyabean meal, 48% crude protein 298·30 298·65 298·30 298·65
L-Lys mHCl 1·00 1·00 1·00 1·00
Monocalcium phosphate 8·43 15·63 8·42 15·63
Ground limestone 10·02 6·60 10·02 6·62
Maize oil 10·00 10·00 10·00 10·00
Sodium chloride 4·00 4·00 4·00 4·00
UW VTMM-G (without D)† 10·00 10·00 0·00 0·00
UW VTMM-G (with D)‡ 0·00 0·00 10·00 10·00
Total 1000·00 1000·00 1000·00 1000·00
Calculated analysis§

Ca 7·0 7·0 7·0 7·0
Total P 5·7 7·2 5·7 7·2

−D95P, 0µg D3/kg and 95% of P requirement; −D120P, 0µg D3/kg and 120% of P requirement; +D95P, 7·0µg D3/kg and 95% of P requirement;
+D120P, 7·0µg D3/kg and 120% of P requirement (1 IU of vitamin D3 is defined as the biological activity of 0·025µg cholecalciferol); NRC, National
Research Council.

* Diets were formulated to supply either 0 (−D) or 7·0 (+D) µg vitamin D3/kg each with either 95% (95P) or 120% (120P) of the P requirement and
100% of the Ca requirement for 10–20 kg pigs. The P requirement for 10–20 kg pigs is 6·0 g/kg(13).

† The University of Wisconsin vitamin trace mineral mix-grower (UW VTMM-G) without D is a custom-mixed vitamin–trace mineral premix for
growth without vitamin D. The premix provided the following nutrients (mg/kg diet): retinol, 840; cholecalciferol, 0; DL-α-tocopherol, 14;
menadione nicotinamide bisulphite, 0·75; nicotinamide, 22; pantothenic acid, 12; riboflavin, 8; cyanocobalamin, 0·033; Cu, 1·5; I, 0·3; Fe, 38;
Se, 0·2; and Zn, 90.

‡ The UW VTMM-G with D provided the same nutrients per kg of diet as indicated in footnote † with the exception of the addition of vitamin D3, 7·0µg.
§ Calculated analysis based on nutrient composition of feed ingredients in NRC(13). Analysed values for one diet mix were as follows: 6·0 g Ca/kg;

4·8 and 6·5 g P/kg for 95P and 120P diets, respectively; 0·35 and 7·45 µg D3/kg diet for –D and +D diets, respectively. Calculated standardised
total tract digestible PO4 was 0·32 and 0·45g P/kg diet for 95P and 120P diets, respectively, based on NRC(26).
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to variation among maternal diets (−D v. +D, ++D and +D v.
++D), effects due to nursery diets (D effect (−D v. +D), P effect
(95P v. 120P) or the interaction between P×D) and effects due to
the interaction between maternal and nursery diets. Significance
was considered at P<0·05 and trends at P<0·15. Results are
reported as the average values for each trait within 3 (birth and
weaning) or 12 (8 weeks) dietary treatment groups with a pooled
standard error of the means. The standard error of the mean was
calculated by dividing the root mean square of the random error
term in the regression model by the square root of the number of
observations within treatment groups.

Results

One sow from the +D treatment group and her litter were
removed from the study midway through lactation because of
lack of milk production. No other unexplained deaths or early
terminations occurred over the study period.

Litter size responses

This study was not designed to evaluate reproductive traits
because of the limited number of sows; however, litter traits were
reported as an observational assessment of the animal perfor-
mance standards. Differences were not detected in the number of
live births, still births, mummified fetuses or total births (defined as
live births plus still births) among the three maternal dietary
treatments (Table 4). The average number of live births (14·3,
SEM= 0·72) was a respectable average for first parity females
compared with current commercial swine industry standards.

Growth responses

Differences in pig BW at 0 week (Table 4) were not detected,
indicating that maternal gestation diet did not influence fetal
growth. Differences were detected in BW at 3 weeks and BW
gain from 0 to 3 weeks (P< 0·05). At 3 weeks, pigs of –D sows
had a 10% reduction in BW and an 11% reduction in gain
compared with pigs of +D and ++D sows, but no differences
were detected between pigs of +D and ++D sows. Therefore,

the lack of supplemental D in maternal diets fed during gestation
and lactation decreased weaning weight and gain from birth to
weaning. Because of the study design, whether this response was
attributed to direct effects on the piglet growth imposed during
gestation, maternal milk nutrient composition or the quantity of
milk provided or a combination of these effects cannot be
discerned. However, excess D (++D) during gestation and
lactation did not further increase pig weight or gain above that of
pigs produced by sows fed marginal D (+D).

Differences due to nursery dietary treatment (P< 0·05) were
detected in BW gain during the 35-d nursery period (Table 5).
Pooled across maternal dietary treatments, pigs fed –D nursery
diets had an 11% reduction in BW gain from 3 to 8 weeks.
Differences due to vitamin D were not expected over such a
short time as fat-soluble vitamins are presumed to have a longer
half-life than water-soluble vitamins, and thus require longer
periods before deficiencies are induced. Pigs fed 120P diets had

Table 3. Primer sequences for housekeeping genes and genes of interest for quantification by real-time quantitative PCR (qPCR)*

Primer Forward (5'–3') Reverse (5'–3')

Vitamin D, Ca, P homoeostasis
CYP27B1 GAAAACCATGGTCCATTTGC TCCGACTAGGAACCATGAGG
CYP24A1 GCAAGAATGAAGCTTTTGGC AGACACCAAGGTCAACCAGG
VDR TTGCCAAACACCTCAAGCACAAGG TGCTCTACGCCAAGATGATCCAGA
FGF23 CAGCTACCACCTGCAGATCC CCCTTAAGTCCATGCAGAGG
TRPV6 GAGCCAAGATGAGCAGAACC TCCAGGTTGTCATAGAGGGC

Bone metabolism
RANKL GTATCATGACCGAGGTTGGG TACTTCGCATCGAGGTTTCC
OCN CATAGCCTAGACCTCGCAGC GATGGGGACCTTACACTTGC
OPG CATTAAATGGACCACCCAGG GCAGTGCTGTTTTAGGGAGG

Housekeeping
HPRT1 GGACTTGAATCATGTTTGTG CAGATGTTTCCAAACTCAAC
RPS15 GCCAGAGGTAGTGAAGACGC CACAGGCTTGTACGTGATGG
RPS18 ACAGAGGATGAGGTGGAACG AGGACCTGGCTGTACTTCCC

CYP27B1, 1-α hydroxylase; CYP24A1, 24-hydroxylase; VDR, vitamin D receptor; FGF23, fibroblast growth factor 23; TRPV6, transient receptor potential
cation channel subfamily V member 6; RANKL, receptor activator of NF-κB ligand; OCN, osteocalcin; OPG, osteoprotegerin; HPRT1, hypoxanthine
phosphoribosyltransferase 1; RPS15, ribosomal protein S15; RPS18, ribosomal protein S18.

* Forward and reverse sequences for primers used to analyse mRNA content using qPCR.

Table 4. Effect of maternal diet on litter size, birth weight and weaning
weight*

Maternal diet

Items −D +D ++D SEM

Live births (n) 14·33 14·38 14·11 0·72
Still births (n) 0·33 0·13 0·67 0·23
Mummified fetuses (n) 0·50 0·38 0·22 0·24
Total births (n)† 14·67 14·50 14·78 0·72
Pigs weaned (n) 70 80 105 –

Birth weight (kg) 1·35 1·41 1·42 0·03
Weaning weight (kg)‡§ 5·24 5·80 5·86 0·12
Gain (kg/d)‡§ 0·162 0·179 0·184 0·004

−D, 0; +D, 8·125; or ++D, 43·750 µg vitamin D3/kg (1 IU of vitamin D3 is defined as
the biological activity of 0·025 µg cholecalciferol).

* Live births, still births, mummified fetuses and total births were counted at farrowing.
Values are averages from six, eight and nine sows per treatment, respectively, with
their pooled standard errors. Birth (0 week) weight and weaning (3 weeks) weight
are averages based on individual values from all pigs. Gain was calculated from
weight gained (kg/d) between 0 and 3 weeks divided by the actual days from birth
to weaning for each litter.

† Total births equal the number of live births plus the number of still births.
‡ Difference due to maternal treatment (P<0·05).
§ Maternal treatment −D v. +D and ++D differ (P<0·05).
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increased gain when fed +D diets but decreased gain when fed
–D diets (nursery dietary D×P interaction, P< 0·05). Therefore, a
slight increase in dietary P (120% of requirement) further
compromised growth in pigs fed diets with no supplemental D.
No overall maternal dietary effects were detected in BW
gain during the nursery period. There was a trend towards
significance for a maternal×nursery diet interaction (P= 0·13).
The nursery dietary D×P interaction previously discussed was
evident in pigs produced by –D or +D sows, but not in pigs
produced by ++D sows, implying that excess maternal dietary D
provided a compensatory or protective response in the absence
of nursery dietary D and excess P.

Whole-body dual-energy X-ray absorptiometry responses

Whole-body DXA scans are commonly used to predict the risk
of osteoporosis in humans. In pigs, whole-body DXA scans
were used to detect recovery of skeletal bone mineral after
periods of dietary Ca and P deficits(14). In the current study,
differences in both whole-body BMC and BMD were detected
among dietary treatment groups. As dietary treatments induced
differences in pig BW as previously discussed, BMD, which
corrects for the area of skeletal tissue, provides a trait that
allowed comparisons among pigs that differed in BW. Differ-
ences in whole-body BMC and BMD responses (Table 6) were
not detected at 0 or 3 weeks, indicating that maternal diets
during gestation and lactation did not influence the amount of
skeletal ash at these ages.
Differences due to maternal diet were unexpectedly detected

(P< 0·05) in whole-body BMC and BMD at the end of the nursery
period (Table 6). Pooled across nursery treatments, pigs produced
by –D sows had a 19% reduction in BMC and a 25% reduction in

BMD compared with pigs produced by +D and ++D sows, but
no differences were detected between pigs produced by +D and
++D sows. These differences were not expected as no maternal
diet effects were detected at birth or weaning. Evidence that the
maternal diet continued to affect skeletal mineralisation responses
of pigs at the end of the nursery period, regardless of nursery
dietary treatment, implies the maternal influence was present in
the young pig, but responses were either not expressed or were
not detectable by gross, densitometry measures in pigs at birth
and weaning. Differences in pig whole-body BMC and BMD due
to nursery treatments were detected; however, the differences
were dependent upon maternal dietary treatment (maternal×
nursery diet interaction, P< 0·05). Pigs fed –D120P diets had
reduced BMC and BMD if produced by –D or +D sows, but
increased BMC and BMD if produced by ++D sows. This
response indicates that excess dietary P in pigs produced by sows
fed no (−D) or marginal (+D) D did not compensate for the lack
of nursery dietary D; rather, the slight excess in dietary P further
compromised skeletal mineral accumulation compared with
cohorts fed lower-P diets. The interaction between maternal and
nursery diets was more evident in skeletal tissue compared with
soft tissue growth, as previously discussed. The presence of both
an overall maternal dietary influence and an interaction between
maternal and nursery diets at the end of the nursery period
provided evidence of a carry-over effect due to maternal
dietary D concentrations during gestation and lactation on pig
whole-body bone mineralisation traits.

Femur traits

The femur was identified as a single bone, compared with fibula
and metacarpal or metatarsal bones, which provided a more

Table 5. Pig body weight (BW) and growth at 8 weeks in response to maternal and nursery diets†

Maternal diet

Items Age (weeks) Nursery diet −D +D ++D SEM

Number of pigs (n)
8 −D95P 19 21 25

−D120P 17 19 25
+D95P 15 19 24
+D120P 14 19 22 –

BW (kg)
8‡*§ −D95P 16·69 18·64 18·96

−D120P 14·18 16·48 19·87
+D95P 17·77 18·56 18·90
+D120P 18·11 20·25 19·29 0·65

Gain (kg/d) 3–8‡§║¶
−D95P 0·317 0·357 0·369
−D120P 0·244 0·287 0·386
+D95P 0·350 0·358 0·366
+D120P 0·361 0·401 0·375 0·018

−D, 0; +D, 8·125; or ++D, 43·750 µg vitamin D3/kg (1 IU of vitamin D3 is defined as the biological activity of 0·025 µg cholecalciferol);
−D95P, 0 µg D3/kg and 95% of P requirement; −D120P, 0 µg D3/kg and 120% of P requirement; +D95P, 7·0 µg D3/kg and 95% of P
requirement; +D120P, 7·0 µg D3/kg and 120% of P requirement.

* P<0·15.
† BW values are based on pen averages, with their pooled standard errors. Gain was calculated from the weight gained (kg/d) between

3 and 8 weeks and is based on pen averages.
‡ Difference due to nursery treatment (P<0·05).
§ Nursery treatment vitamin D effect (P<0·05).
|| Nursery treatment P× vitamin D interaction (P<0·05).
¶ Interaction between maternal and nursery treatments (P<0·15).
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reliable predictor of whole-body BMC and BMD values of
growing pigs(20). Therefore, individual femurs were analysed
using DXA procedures to confirm responses detected in the
whole-body scans and to allow assessments of bone mechanical
properties. Similar responses to maternal and nursery diets were
detected in femur BMC and BMD (data not shown) as were
presented for whole-body BMC and BMD responses.
Lack of dietary D was expected to compromise femur length.

Differences due to maternal dietary treatment in pig femur length
(Table 7) were not detected at birth (0 week), but differences
were evident at 3 weeks (P< 0·05). Pigs produced by –D sows
had >5% reduction in femur length compared with pigs
produced by +D and ++D sows. However, no differences were
detected between pigs produced by +D and ++D sows,
consistent with growth and DXA responses. At the end of the
nursery period, differences due to maternal dietary treatment
were still detected (P< 0·05). Pooled across nursery treatments, a
linear increase in femur length across maternal treatments was
evident (Table 7). Differences due to nursery dietary treatment
were also detected (P< 0·05) but were dependent on
maternal treatment (maternal×nursery diet interaction, P< 0·05).
Pigs fed –D120P diets had decreased femur length if produced
by –D or +D sows but increased length if produced by ++D
sows. These responses are similar to responses observed in
growth and DXA traits.
In our earlier study to assess recovery of whole-body BMC

from periods of dietary Ca and P deficiency, the mechanical
properties of femurs were recovered, even in pigs that had
not fully recovered BMC(14). Thus, a direct assessment of
bone mechanical properties may offer additional insights into
responses to dietary inputs on bone integrity. Excised femurs
were subjected to a three- or four-point bending test to

determine bending moment (BM) and the yield modulus
of elasticity (yME) at the yield point of the load deformation
curves.

Differences in BM due to maternal dietary treatment were not
detected in pig femurs at 0 or 3 weeks. However, at 8 weeks,
differences due to nursery dietary treatment were detected
(Table 7). Differences in BM were reflective of the differences
evident in femur length, although BM is adjusted for the length
to which the load is applied during the mechanical test(15,21).
Therefore, after correcting for length, differences were still
detected in the amount of load withstood by the femur before
irreversible damage was invoked. The BM of femurs from pigs
fed –D nursery diets tended (P< 0·15) to be reduced compared
with that of pigs fed +D. Pigs fed 95P diets had reduced
(P< 0·05) femur BM compared with pigs fed 120P. Consistent
with growth and DXA traits, an interaction between maternal
and nursery dietary treatments was detected in BM (P< 0·05).
Pigs fed –D120P had decreased BM if produced by −D or +D
sows but increased BM if produced by + +D sows.

The yME provides an assessment of bone strength properties,
which include adjustments in the load withstood during the
mechanical test for length, the distribution of mass around the
centroid (area MOI) of the material tested and an assessment of
the stiffness (strain) of the material. With exception to the yME
responses of pigs at 3 weeks, the femur responses to dietary
treatments were consistent with responses observed in BM,
implying that changes were due to the amount of bone, rather
than a change in the size and shape, or stiffness of the bone
(Table 7). At 3 weeks, the yME of femurs from pigs produced
by ++D sows was greater than that of pigs produced by –D or
+D sows. No differences were detected in the BM of femurs of
pigs at 3 weeks, implying that the overall traits included in the

Table 6. Whole body skeletal mineralisation of pigs at 0, 3 and 8 weeks in response to maternal and nursery diets
(Values are averages of six to nine pigs per treatment at 0 weeks (birth) and 3 weeks (weaning) and twelve to eighteen
pigs per treatment at 8 weeks with their pooled standard errors)

Maternal diet

Items Age (weeks) Nursery diet −D +D ++D SEM

BMC (g/pig)
0 – 38·7 33·5 32·0 3·7
3 – 103·3 116·4 125·7 6·7
8†‡§||¶**†† −D95P 212·7 259·3 275·9

−D120P 178·8 232·1 310·3
+D95P 237·4 245·7 270·1
+D120P 278·1 327·7 312·1 11·6

BMD (g/cm2) 0 – 0·215 0·208 0·209 0·007
3 – 0·303 0·307 0·321 0·010
8†‡§||*¶†† −D95P 0·342 0·459 0·473

−D120P 0·323 0·386 0·580
+D95P 0·386 0·462 0·515
+D120P 0·430 0·558 0·514 0·025

−D, 0; +D, 8·125; or + +D, 43·750 µg vitamin D3/kg (1 IU of vitamin D3 is defined as the biological activity of 0·025 µg cholecalciferol);
−D95P, 0 µg D3/kg and 95% of P requirement; −D120P, 0 µg D3/kg and 120% of P requirement; +D95P, 7·0 µg D3/kg and 95% of P
requirement; +D120P, 7·0 µg D3/kg and 120% of P requirement; BMC, bone mineral content; BMD, bone mineral density.

† Difference due to maternal treatment (P<0·05).
‡ Maternal treatments −D v. +D and ++D differ (P< 0·05).
§ Difference due to nursery treatment (P<0·05).
|| Nursery treatment P effect (P<0·05 and * P<0·15).
¶ Nursery treatment vitamin D effect (P<0·05).
** Nursery treatment P× vitamin D interaction (P<0·05).
†† Interaction between maternal and nursery treatments (P< 0·05).
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yME parameter reflected the cumulative bone integrity
responses to maternal and nursery diets.

Quantitative PCR responses

The mRNA expressions of genes associated with vitamin D,
Ca and P homoeostasis (CYP27B1, CYP24A1, VDR, FGF23 and
TRPV6) and bone metabolism (RANKL, OCN and OPG) were
evaluated in tissues from pigs at 0, 3 and 8 weeks. Analysis of
genes in each tissue is represented in Tables 8–10. Figures are
also provided for genes of interest with key differences for
better visual representation.
Kidney mRNA expression of CYP24A1 was up-regulated in

pigs produced by sows fed +D or ++D diets (P< 0·05) at
3 weeks, inferring a maternal dietary D effect on the degradative
capacity of vitamin D by pigs at weaning (Table 8, Fig. 2). Given
the current experimental design, the gestation v. lactation stages
of dietary exposure to maternal influences cannot be separated,
as mentioned in earlier traits. As expected, kidney mRNA
expression of CYP24A1 was also up-regulated in pigs fed +D
nursery diets at 8 weeks (P< 0·05); however, no maternal effect
was detected at this age (Table 8, Fig. 2). No differences in kidney
mRNA expression of CYP27B1 or VDR were detected at any age,
inferring that vitamin D is more tightly regulated at the level of
degradation v. activation or receptor availability.

Surprisingly, intestinal mRNA expression of CYP24A1 was also
up-regulated in pigs produced by sows fed +D and ++D diets
(P<0·05) at 0 and 3 weeks, demonstrating potential regulation of
vitamin D metabolism at the intestinal level along with the classical
regulation in the kidney (Table 9, Fig. 3). Unexplainably, intestinal
mRNA expression of CYP24A1 was also up-regulated in pigs fed
95P nursery diets at 8 weeks (P<0·05). Further characterisation of
CYP24A1 in the intestine is necessary in order to verify and
understand the current, unexpected results.

Intestinal mRNA expression of TRPV6 was only up-regulated in
pigs produced by +D and ++D sows at 3 weeks (Table 9). Thus,
pigs at 3 weeks demonstrated a potential for increased ability to
absorb Ca, dependent upon D being present in the sow diet. The
response to sow dietary treatment cannot be attributed only to the
sow milk as the housing arrangements did not preclude the piglet
consumption of sow feed during the lactation period. The
up-regulation was not observed in pigs at 0 week. Pig nursery diet
did not influence the intestinal mRNA expression of TRPV6.
As with the kidney, no differences were detected in the intestinal
mRNA expression of VDR at any age.

Bone mRNA expression of OCN was up-regulated in pigs
produced by ++D sows compared with pigs produced by –D and
+D sows (P<0·05) at 0 weeks and in pigs produced by +D and
++D sows compared with pigs produced by –D sows (P<0·05) at
3 weeks (Table 10, Fig. 4). No differences were detected in OCN

Table 7. Pig femur length and mechanical properties at 0, 3 and 8 weeks in response to maternal and nursery diets
(Averages of six to nine pigs per treatment at 0 and 3 weeks and twelve to eighteen pigs per treatment at 8 weeks with
their pooled standard errors)

Maternal diet

Items Age (weeks) Nursery diet −D +D ++D SEM

Length (cm)
0 – 5·20 5·15 5·18 0·13
3‡§ – 7·72 8·04 8·32 0·15
8‡§║*¶††‡‡ −D95P 10·68 11·48 11·72

−D120P 10·49 11·06 12·13
+D95P 11·21 11·66 11·81
+D120P 11·31 11·97 11·97 0·17

BM (kg-cm)
0 – 72 64 65 8
3 – 245 225 288 33
8║††***‡‡§§ −D95P 393 429 432

−D120P 363 411 574
+D95P 368 418 406
+D120P 549 589 519 40

yME (kg/cm4)
0 – 8·30 10·80 14·55 2·99
3‡║ – 4·67 4·66 7·42 0·78
8‡§║*¶††**‡‡§§ −D95P 4·44 13·09 18·72

−D120P 7·77 11·84 24·47
+D95P 13·12 17·97 13·64
+D120P 23·03 25·69 27·26 2·48

−D, 0; +D, 8·125; or ++D, 43·750 µg vitamin D3/kg (1 IU of vitamin D3 is defined as the biological activity of 0·025 µg cholecalciferol);
−D95P, 0 µg D3/kg and 95% of P requirement; −D120P, 0 µg D3/kg and 120% of P requirement; +D95P, 7·0 µg D3/kg and 95% of P
requirement; +D120P, 7·0 µg D3/kg and 120% of P requirement; BM, bending moment; yME, yield modulus of elasticity.

‡ Difference due to maternal treatment (P<0·05).
§ Maternal treatments –D v. +D and ++D differ (P<0·05).
|| Maternal treatments +D v. ++D differ (P<0·05 and * P<0·15).
¶ Difference due to nursery treatment (P<0·05).
** Nursery treatment vitamin D effect (P<0·05 and * P< 0·15).
†† Nursery treatment P effect (P<0·05).
‡‡ Interaction between maternal and nursery treatments (P< 0·05).
§§ Nursery treatment P× vitamin D interaction (P<0·05).
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expression during the nursery period. Osteocalcin mRNA
expression is bone tissue specific and is up-regulated in
mineralising bone matrix and in response to active (1,25(OH)2D3)
vitamin D(22). Thus, our results indicate that at 0 and 3 weeks an
increase in maternal dietary D coincides with an increase in bone
matrix mineralisation evident at a molecular level, but not at the
whole-body mineralisation level as measured by DXA.
Bone mRNA expression of OPG was down-regulated in pigs

produced by +D or + +D sows (P< 0·05) at 3 weeks (Table 10).
The apparent down-regulation of OPG would infer a potential
increase in osteoclastic activity. In rapidly growing animals,
bone re-absorption may not necessarily infer a lack
of bone accumulation, as the rate of bone formation may be
up-regulated to a greater extent and still allow a net accumu-
lation of bone minerals.
Bone mRNA expression of FGF23 was only up-regulated

(P<0·05) in pigs at 8 weeks if fed +D or 120P nursery diets
(Table 10, Fig. 5). Our results are consistent with the endocrine role
of bone in FGF23 production. Both active vitamin D and P increase
FGF23(23–25). The relative fold increase in the expression of FGF23
was dramatically different among treatment groups as was the
variation within groups. Differences were detected that were con-
sistent with expected responses, but the reason for the magnitude

of the responses remains questionable. One possible explanation is
that the expression of FGF23 mRNA in the control bone was
extremely low, thus skewing the magnitude of change between the
control and the other treatments. Bone FGF23 expression is thought
to be low in non-pathogenic tissue(23). To our knowledge, this is the
first report of FGF23 mRNA expression in pig bone.

The qPCR analyses carried out in this experiment were
intentionally selected to provide an overall assessment of genes
commonly associated with vitamin D, Ca and P homoeostasis
and bone metabolism in pigs as an approach to identify the
potential cellular signals involved in bone deformities observed
in the hypovitaminosis D-induced kyphotic pig model.
Additional efforts are needed to identify specific genes that
lead to the induction of the bone abnormalities in response to
dietary treatments.

Discussion

The ability to reproduce kyphosis in an earlier experiment(10)

has allowed further characterisation of the abnormalities in
affected animals. Kyphosis was induced in pigs produced by
sows fed no (0 µg D3/kg diet) or marginal (8·125 µg D3/kg diet)

Table 8. Pig kidney relative mRNA expression* at 0, 3 and 8 weeks in
response to maternal and nursery diets†
(Values are averages of six to nine tissues per treatment with their pooled
standard errors)

Maternal diet

Items Age (weeks) Nursery diet −D +D ++D SEM

CYP24A1
0 – 2·4 1·9 1·0 0·7
3‡§|| – 1·5 8·7 165·0 41·6
8¶** −D95P 1·4 1·2 4·7

−D120P 0·9 1·6 6·3
+D95P 18·7 31·1 15·5
+D120P 57·9 21·6 29·5 6·0

CYP27B1 0 – 1·0 1·7 2·9 0·6
3 – 1·4 1·0 1·1 0·4
8 −D95P 1·2 0·6 1·2

−D120P 0·8 0·8 1·5
+D95P 1·4 1·0 0·8
+D120P 1·0 0·5 1·7 0·4

VDR 0 – 1·0 1·2 1·0 0·2
3 – 1·4 2·4 2·8 0·4
8 −D95P 1·2 1·6 1·2

−D120P 0·9 0·9 1·9
+D95P 1·5 2·0 2·1
+D120P 4·6 1·9 1·7 0·7

−D, 0; +D, 8·125; or ++D, 43·750 µg vitamin D3/kg (1 IU of vitamin D3 is defined as the
biological activity of 0·025 µg cholecalciferol); −D95P, 0 µg D3/kg and 95% of
P requirement; −D120P, 0 µg D3/kg and 120% of P requirement; +D95P, 7·0 µg
D3/kg and 95% of P requirement; +D120P, 7·0µg D3/kg and 120% of P requirement;
CYP24A1, 24-hydroxylase; CYP27B1, 1-α hydroxylase; VDR, vitamin D receptor.

* Values reflect averages of the relative fold change compared with the control. The
control treatment was pigs produced by sows fed –D at 0 and 3 weeks and pigs
produced by sows fed –D and –D95P during the nursery period at 8 weeks.
Hypoxanthine phosphoribosyltransferase 1 was used as the housekeeping gene
for kidney tissues.

† The data were analysed using the 2�ΔΔCt method(17).
‡ Difference due to maternal treatment (P< 0·05).
§ Maternal treatments −D v. +D and ++D differ (P<0·05).
|| Maternal treatments +D v. ++D differ (P<0·05).
¶ Difference due to nursery treatment (P< 0·05).
** Nursery treatment vitamin D effect (P<0·05).

Table 9. Pig intestinal relative mRNA expression* at 0, 3 and 8 weeks in
response to maternal and nursery diets†
(Values are averages of six to nine tissues per treatment with their pooled
standard errors)

Maternal diet

Items Age (weeks) Nursery diet −D +D ++D SEM

CYP24A1
0‡§ – 2·1 39·1 141·1 40·1
3‡§ – 2·8 84·9 203·1 84·0
8||¶ −D95P 1·3 3·2 3·1

−D120P 2·6 4·7 0·9
+D95P 10·9 4·5 3·0
+D120P 1·6 1·6 1·8 1·6

TRPV6 0 – 1·0 1·2 1·2 0·1
3‡§ – 1·1 2·6 2·7 0·4
8 −D95P 1·8 3·3 2·2

−D120P 1·5 2·2 2·2
+D95P 4·3 2·9 2·5
+D120P 1·4 2·1 1·6 0·6

VDR 0 – 1·0 1·2 1·2 0·1
3 – 1·2 2·4 2·7 0·5
8 −D95P 1·8 2·9 3·0

−D120P 1·8 2·6 3·0
+D95P 5·6 2·9 2·5
+D120P 1·6 2·6 2·1 0·7

−D, 0; +D, 8·125; or ++D, 43·750 µg vitamin D3/kg (1 IU of vitamin D3 is defined as the
biological activity of 0·025 µg cholecalciferol); −D95P, 0 µg D3/kg and 95% of
P requirement; −D120P, 0 µg D3/kg and 120% of P requirement; +D95P, 7·0 µg
D3/kg and 95% of P requirement; +D120P, 7·0 µg D3/kg and 120% of P
requirement; CYP24A1, 24-hydroxylase; TRPV6, transient receptor potential
cation channel subfamily V member 6; VDR, vitamin D receptor.

* Values reflect averages of the relative fold change compared with the control. The
control treatment was pigs produced by sows fed –D at 0 and 3wk and pigs
produced by sows fed –D and –D95P during the nursery period at 8wk.
Hypoxanthine phosphoribosyltransferase 1 was used as the housekeeping gene
for intestinal tissue.

† The data were analysed using the 2�ΔΔCt method(17).
‡ Difference due to maternal treatment (P<0·05).
§ Maternal treatments −D v. +D and ++D differ (P<0·05).
|| Difference due to nursery treatment (P<0·05).
¶ Nursery treatment P effect (P<0·05).
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supplemental D during gestation and lactation if pigs were
subsequently fed nursery diets with no supplemental D and
marginal Ca and P(10). On the basis of the previous results, we
chose to only alter nursery dietary P in the current study. Results
from the current experiment implied the presence of a maternal
dietary carry-over effect on pig growth and skeletal integrity.
An abnormal outward spinal curvature was not the only bone
abnormality evident in pigs that developed kyphosis in our
model. Other bones such as the femur presented abnormalities
upon visual examination of the growth plate of excised bones.
Therefore, the overall objective of this study was to characterise
the interaction between maternal and neonatal dietary inputs

and their effects on pig bone and growth traits. The incidence of
kyphosis was not evaluated in this study as only the minimum
number of pigs required to adequately assess tissue and skeletal
integrity traits were included.

The typical SRTC gestation and lactation diets contain
8·125 µg D3/kg diet, a marginal level compared with the newly
established 2012 National Research Council(26) recommenda-
tion of 20·0 µg D3/kg diet. Therefore, one might speculate that
an excess of maternal dietary D could potentially alleviate bone
abnormalities in pigs produced by sows fed no or marginal
supplemental D, providing the basis for inclusion of the ++D
sow treatment in the current study.

Table 10. Pig bone relative mRNA expression* at 0, 3 and 8 week in response to maternal and nursery diets (Values
are averages of six to nine tissues per treatment with their pooled standard errors)

Maternal diet

Items Age (weeks) Nursery diet −D +D ++D SEM

CYP27B1
0 – 1·3 0·7 0·7 0·3
3 – 1·4 0·9 2·7 0·6
8 −D95P 1·3 4·2 5·6

−D120P 6·2 5·3 5·1
+D95P 7·0 10·2 3·3
+D120P 3·5 4·7 4·6 2·2

RANKL 0 – 1·2 2·1 1·6 0·4
3 – 1·1 1·3 1·1 0·3
8 −D95P 1·3 1·8 1·7

−D120P 1·7 2·3 1·8
+D95P 2·0 2·2 1·6
+D120P 1·5 1·9 1·1 0·4

OCN 0†‡ – 1·1 0·7 1·7 0·3
3†§ – 1·2 2·6 3·4 0·6
8 −D95P 1·3 1·5 1·3

−D120P 1·2 1·0 1·5
+D95P 1·7 3·3 1·7
+D120P 2·4 1·5 1·7 0·4

FGF23 0 – 1·3 1·3 1·5 0·4
3 – 1·1 1·3 1·2 0·3
8||¶** −D95P 2·5 8885 12 416

−D120P 21 161 13 022 24 159
+D95P 14 129 13 575 28 947
+D120P 39 238 31 117 27 737 6600

OPG 0 – 1·1 0·9 1·0 0·2
3†‡§ – 1·0 0·5 0·8 0·2
8 −D95P 1·1 1·3 1·3

−D120P 1·5 1·4 1·4
+D95P 1·7 2·3 1·3
+D120P 1·4 1·7 1·5 0·2

VDR 0 – 1·2 1·6 1·5 0·2
3 – 1·1 1·0 2·1 0·4
8 −D95P 1·4 1·4 1·7

−D120P 1·8 1·9 2·1
+D95P 2·0 3·5 2·0
+D120P 1·9 1·5 1·9 0·6

−D, 0; +D, 8·125; or ++D, 43·750 µg vitamin D3/kg (1 IU of vitamin D3 is defined as the biological activity of 0·025 µg cholecalciferol);
−D95P, 0 µg D3/kg and 95% of P requirement; −D120P, 0 µg D3/kg and 120% of P requirement; +D95P, 7·0 µg D3/kg and 95% of P
requirement; +D120P, 7·0 µg D3/kg and 120% of P requirement; CYP27B1, 1-α hydroxylase; RANKL, receptor activator of NF-κB
ligand; OCN, osteocalcin; FGF23, fibroblast growth factor 23; OPG, osteoprotegerin; VDR, vitamin D receptor.

* Values reflect averages of the relative fold change compared with the control. The control treatment was pigs produced by sows fed –D
at 0 and 3 weeks and pigs produced by sows fed –D and –D95P at 8 weeks. The geometrical average of ribosomal protein S15 and
ribosomal protein S18 was used as the housekeeping gene for bone tissue.

† Difference due to maternal treatment (P<0·05).
‡ Maternal treatments +D v. ++D differ (P< 0·05).
§ Maternal treatments −D v. +D and ++D differ (P< 0·05).
|| Difference due to nursery treatment (P<0·05).
¶ Nursery treatment P effect (P<0·05).
** Nursery treatment vitamin D effect (P<0·05).
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Growth, skeletal, cellular and bone mechanical traits all
provided evidence for a maternal dietary carry-over effect on
nursery pig response. With the exception of kidney mRNA
expression of CYP24A1 at 3 weeks, no evidence was provided
for differences between pigs produced by sows fed marginal
(+D) and excess (+ +D) D in overall maternal dietary effects
at 0, 3 or 8 weeks on the measured traits. However, pigs
responded to nursery diets differently if produced by sows
fed ++D during gestation and lactation compared with pigs
produced by sows fed −D or +D (maternal× nursery diet
interaction). This implies that the excess D fed to sows during
gestation and lactation may offer a level of protection for pigs,
should they encounter a diet-induced stress during the early
growth and development stages. The mechanism for this
hypothesis requires further examination.
Although evidence for maternal dietary carry-over effects

at the end of the nursery period was detected for several
traits, evidence for maternal effects on pigs at birth and weaning
was limited. The differences in growth at weaning, but
not whole-body BMC and BMD, imply that soft tissue growth
was compromised at an earlier age than skeletal tissue
growth in response to limited maternal dietary D. The lack of
differences at birth and weaning in the traits measured does
not eliminate the possibility of a maternal dietary affect at

these times. Both growth and bone densitometry measurements
were evaluated at a gross, whole-body level. Our results
are consistent with those found in mouse and human studies of
vitamin D and pregnancy in that differences due to maternal
vitamin D status in offspring are not always evident immediately
at birth(9,27). Therefore, methods to assess gross skeletal
mineralisation may not be sufficiently sensitive to detect
responses at birth(4).

Data from the current study provided evidence for an
influence of maternal diets on molecular (mRNA expression)
characteristics in pig tissues as early as birth. The genes examined
in the current study may not fully explain the bone abnormalities
observed in this model. However, the current results provide
evidence of early molecular changes in response to maternal
dietary inputs without gross manifestation of abnormalities.
Further exploration is necessary to fully describe the effects of
maternal and neonatal dietary inputs on the underlying cellular
signals of bone growth and development.

In the traits evaluated, a slight excess of dietary P in the absence
of D in the nursery diets was more detrimental than marginally
deficient P levels, which was exacerbated if the pigs were
produced by sows fed no or marginal D. These responses are
not completely explained by the classical vitamin D, Ca and
P pathway(24). Traditionally, adequate or excess Ca and P have
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Fig. 2. Effect of maternal and nursery diets on pig kidney mRNA expression of
24-hydroxylase (CYP24A1) at 3 and 8 weeks. Values are averages of the
relative fold change compared with the control of six to nine tissues per
treatment normalised to hypoxanthine phosphoribosyltransferase 1, with their
standard errors. The control at 3 weeks was pigs produced by –D sows and at
8 weeks was pigs produced by −D sows fed −D95P nursery diets. (a) Pigs
produced by +D or ++D sows had greater kidney mRNA expression of
CYP24A1 (P< 0·05) at 3 weeks. (b) Pigs fed +D nursery diets had greater
kidney mRNA expression of CYP24A1 (P< 0·05) at 8 weeks.
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24-hydroxylase (CYP24A1) at 0 and 3 weeks. Values are averages of the
relative fold change compared with the control of six to nine tissues per
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3 weeks.

784 L. A. Amundson et al.

https://doi.org/10.1017/S0007114516002658  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114516002658


been used to ‘rescue’ animals that were fed D-deficient diets from
bone abnormalities(28). According to the accepted homoeostatic
regulation of vitamin D, Ca and P, excess P and adequate Ca in the

nursery diets would be expected to compensate for the lack of D
to maintain bone mineralisation, soft tissue growth and bone
mechanical integrity. Although vitamin D has traditionally been
indirectly associated with bone development through regulation
of Ca homoeostasis, a newly discovered hormone, FGF23, has
provided additional insights into vitamin D and P homoeostasis,
which directly involves bone(23,25). Traditional pathways for
vitamin D-mediated regulation of Ca and P homoeostasis have
focused on regulation of vitamin D by parathyroid hormone in
response to fluctuations in serum Ca concentrations. These
hormones induce changes in the kidney, gastrointestinal tract and
bone. More recently, evidence for a direct role of vitamin D in
bone development was provided through identification of the
VDR in bone cells(29) and by new insights into cellular signalling
pathways that control P homoeostasis(24). The phosphaturic hor-
mone, FGF23, has been characterised in mouse and cell culture
models(18,23,30). FGF23 is responsible for P homoeostasis through a
pathway that involves negative-feedback regulation between
FGF23, vitamin D and P (Fig. 6). FGF23 is produced by osteoblast
and osteocyte cells and is regulated by vitamin D and P(23,24,30).
Active vitamin D or P increases FGF23 production in bone, which
then acts systemically to down-regulate renal Na–P transporters to
decrease P re-absorption, thus decreasing circulating P. FGF23
down-regulates the 1α-hydroxylase enzyme and reduces
activation of vitamin D, resulting in the negative-feedback loop
between FGF23, vitamin D and P. Our exploration into the
molecular mechanisms altered in this model revealed evidence of
an up-regulation of bone mRNA expression of FGF23 in
response to nursery dietary D or P, consistent with mouse and cell
culture data.

This pathway offers one explanation for our experimental
responses. Pigs produced by sows fed no or marginal
supplemental D would be assumed to have low stores of
vitamin D. Therefore, an increase in dietary P, and subsequently
serum P, in those pigs would potentially cause an increase in
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FGF23, which would negatively feedback on the activation
of vitamin D due to increased P. Therefore, the lack of D
in the nursery diet was further compromised by decreased
activation of vitamin D. Pigs produced by sows fed excess
D would be assumed to have greater vitamin D stores; there-
fore, decreased activation of vitamin D due to increased
P would not be as detrimental to these pigs. This hypothesis
requires further tests to determine whether pig vitamin D
stores are influenced by maternal dietary D and whether the
FGF23 pathway is controlled in pigs in a similar manner
as demonstrated by mouse, human and cell culture
models(23,25,30).
As previously mentioned, the design of this experiment did

not allow for distinction between the effects evoked during
gestation v. lactation. An elaborate cross-foster experiment
conducted by Clements & Fraser(31) that involved labelled
vitamin D injections provided evidence that, for the first 10 d of
life, the neonate depended on vitamin D metabolites obtained
in utero v. through milk. Human and bovine milk has limited
antirachitic activity(32,33). Injection of a single pharmacological
dose (125× 103 µg) of vitamin D3 to sows before parturition
was positively correlated with an increase in milk D3

concentrations(11). Although Goff et al.(11) provided evidence
for the ability for sow milk vitamin D levels to be altered, we did
not impose a pharmacological dose of vitamin D in this study.
At present, we do not know whether the dietary levels
fed would evoke a similar increase in sow milk vitamin D.

Therefore, we assume that the gestational diets imposed in the
current study did play a role in the maternal carry-over
effects evident at 3 and 8 weeks. However, the contribution
of gestation diets in relation to a lactation effect cannot be
completely separated based on results from the current
experiment. In addition, stores of vitamin D acquired in utero or
during lactation may not be the only factor involved in the
maternal dietary carry-over effects. Molecular changes imposed
on the fetus or neonate during gestation or lactation may also
play a role. Examples of this possibility are provided by changes
in kidney and intestine mRNA expression of CYP24A1 and
bone mRNA expression of OCN at 0 and 3 weeks.

The vertebrae are not the only bones compromised in the
hypovitaminosis D kyphotic pig model, as mentioned earlier.
Long bones from those pigs appeared from gross observations
to have abnormally wide and variable growth plates. This
implies a possible uncoupling in the process of endochondral
ossification, of which the rate-limiting step is modelling and
re-modelling of the extracellular matrix(34,35). Therefore,
additional efforts are needed to identify molecular signals
involved in the intricate steps of endochondral ossification
and matrix turnover in order to better explain the origin of the
spinal column and long bone deformities imposed by lack of
supplemental D in maternal and neonatal diets.

Conclusions

In conclusion, the current controlled animal study revealed
evidence for maternal dietary D carry-over effects on
subsequent pig growth, bone mineralisation and integrity, and
tissue molecular characteristics. Changes in some traits were
present as early as birth, but other traits were not evident until
3 or 8 weeks of age. Specifically, the most dramatic evidence for
maternal dietary D carry-over was provided by responses in
bone mineralisation traits of pigs at the end of the nursery
period (8 weeks of age). Compared with responses of pigs
produced by + +D sows, pigs produced by –D sows had a 25%
reduction in BMD. Nursery dietary D or P did not completely
prevent or restore the responses to maternal diets. Not only
was an overall maternal diet effect evident, a maternal by
nursery diet interaction implied that the responses were
mediated by dietary inputs at both phases. The ability to
consistently induce bone abnormalities in pigs by alterations in
maternal and nursery dietary inputs allows examination of
both gross and molecular characteristics in growth and bone
development of young growing animals. An animal model of
bone abnormalities can be used to alleviate the problems
associated with observational human studies and permit
inferences about humans and other animal species.
Studies to further characterise the molecular effects of
maternal dietary D on pig bone growth and development are
warranted.
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