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Abstract

The effects of dietary calcium (Ca) deficiency on skeletal integrity are well characterized in growing and mature mammals;

however, less is known about Ca nutrition during the neonatal period. In this study, we examined the effects of neonatal

Ca nutrition on bone integrity, endocrine hormones, andmesenchymal stem cell (MSC) activity. Neonatal pigs (246 6 h of

age) received either a Ca-adequate (1.2 g/100 g) or an ~40% Ca-deficient diet for 18 d. Ca deficiency reduced (P , 0.05)

bone flexural strength and bonemineral density withoutmajor differences in plasma indicators of Ca status. Therewere no

meaningful differences in plasma Ca, phosphate (PO4), parathyroid hormone, or 1,25-dihydroxycholecalciferol due to Ca

nutrition throughout the study. Calcium deficiency also reduced (P , 0.05) the in vivo proliferation of MSC by ~50%. In

vitro studies utilizing homologous sera demonstrated that MSC activity was affected (P , 0.05) by both the Ca status of

the pig and the sera as well as by their interaction. The results indicate that neonatal Ca nutrition is crucial for bone integrity

and suggest that early-life Ca restriction may have long-term effects on bone integrity via programming of MSC. J. Nutr.

141: 373–379, 2011.

Introduction

Maximizing bone integrity during growth and development is
thought to be critical for the prevention of osteoporosis and as a
result much research has examined the impact of dietary calcium
(Ca) on bone mineral accretion during growth and development.
However, less work has examined the effect of dietary Ca during
the neonatal period, which is surprising due to the frequency of
metabolic bone disease among premature and low birth weight
humans (1). In older humans and other animals, the detrimental
effects of Ca deficiency on bone are primarily attributed to increased
bone resorption mediated by secondary hyperparathyroidism (2).

Bone growth and development is a tightly coordinated
process of bone formation and resorption. Bone formation is
regulated by both the proliferation and differentiation rate of

osteoprogenitor cells as well as the activity of mature osteo-
blasts; however, the rate of bone formation is more dependent on
the number of osteoblasts present than on the activity of the
individual osteoblasts (3). Mesenchymal stem cells (MSC)7 in
the bone marrow provide these osteoprogenitor cells but can
also adopt an adipocytic lineage. The balance between
adipocytic and osteogenic differentiation of MSC is currently
thought to be of critical importance to bone health (4). The
proliferation and differentiation of bone marrow-derived MSC
are altered by the calcitropic hormones 1,25-dihydroxychole-
calciferol and parathyroid hormone (PTH) (5–7). The impact of
Ca nutrition on MSC activity, either directly or via its home-
ostatic hormones, during the neonatal period may be of great
importance because of the greatest abundance of proliferating
MSC during this period (8,9). Although several studies have
explored the relationship between dietary Ca and bone devel-
opment in older children and adults (10), limited studies have
looked at early neonatal life (11,12). In particular, the effect of
dietary Ca on the differentiation potential of MSC has not been
determined.
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Piglets serve as an excellent model system for studying
neonatal nutrition, particularly for nutritional studies targeting
bone development, because of similar size and function of their
gastrointestinal tract, similar physiology, and bone remodeling
cycle (12–14) as well as similarity in the lineage allocation of
their MSC (15,16). To identify the potential for dietary Ca to
affect the developmental potential of bone, we examined the
impact of dietary Ca deficiency on bone integrity, endocrine
hormones, in vivo MSC proliferation, and in vitro MSC
differentiation potential utilizing neonatal pigs.

Materials and Methods

Piglets. All piglet protocols were approved by North Carolina State

University’s Institutional Animal Care and Use Committee. Fourteen 1-
d-old cross-bred piglets (24 6 6 h old, both male and female) were

weighed and allotted on the basis of sex and body weight to 1 of 2 groups

that received either a Ca-adequate (1.2% total Ca) or a Ca-deficient

(0.7% total Ca) milk replacer. Nutrient requirements for this age of pigs
were determined based on the composition of sow milk (17) and an

extrapolation fromNRC requirements for older pigs (18). The basal diet

was designed to be similar to sow milk and contained no plant proteins
(Table 1). The Ca-deficient group received the basal diet; Ca carbonate

was added to the basal diet for the Ca-adequate group and was provided

in slight excess of requirements to account for potentially reduced

bioavailability and to ensure adequacy. All pigs were individually housed

in raised cages and fed through a gravity-flow milk delivery system (19).

All piglets were fed equal quantities 3 times daily and had their total

daily intake restricted to match the growth rate of sow-reared pigs. Body

weight and feed intake were recorded daily throughout the trial. Blood

samples were collected initially and every 6 d by venipuncture using

heparinized tubes, and plasma was obtained by centrifugation at 35003 g
at 48C. Plasma samples were stored at –208C until analysis. Serum was

obtained from blood drawn at d 6, 12, and 18 by venipuncture and

pooled within dietary treatment [Ca-adequate sera (Ca+S) and Ca-

deficient sera (Ca2S)], filter sterilized, and heat inactivated prior to

storage at 2208C. Prior to use in the cell culture experiments, equal

quantities of sera from each day, within dietary treatment, were pooled.

At the completion of the study, all pigs were orally given 20 mg

bromodeoxyuridine (BrdU)/kg body weight in a small quantity of their

milk replacer 12 h before tissue collection. Immediately prior to tissue

collection, pigs were killed by penetrating captive bolt followed by

exsanguination. Individual bone marrow, liver, kidney, and small

intestine tissue samples were collected for subsequent gene expression

analysis. Rear legs were collected and stored at 48C for peripheral

quantitative computed tomography (pQCT) and flexural strength

analysis. Front legs were collected for isolation of bone marrow-derived

MSC.

Plasma analysis. Plasma Ca concentrations were determined by flame
absorption spectroscopy following dilution in 0.5% lanthium chloride.

Inorganic phosphate (PO4) concentrations were determined by the

method of Gomori (20). The concentrations of 1,25-dihydroxycholecal-

ciferol and PTH were determined utilizing commercially available kits

(1,25-dihydroxy Vitamin D EIA, IDS and Porcine Intact PTH ELISA kit,

Immutopics, respectively).

pQCT. Ex vivo pQCTscans were used to measure bone characteristics of

the tibia. Scans of the tibia were taken at a translation speed of 10 mm/s

at 10 and 50% of the approximated segment length proximal to the

distal endplate of the tibia. Image processing and calculation of the

various bone indices were performed using the manufacturer’s software

package (version 6.0 B, Stratee Medizintechnil). Total volumetric bone

mineral density (BMD) and total bone area were calculated. Trabecular

and cortical bone properties were assessed at the 10% proximal site. The

following traits were assessed: trabecular area (mm2), trabecular content

(mg/mm2), trabecular volumetric density (mg/cm3), cortical area (mm2),

cortical content (mg/mm2), and cortical volumetric density (mg/cm3).

Cortical bone properties were also assessed at the 50% proximal site; the

following traits were assessed: cortical area (mm2), cortical content

(mg/mm2), and cortical volumetric density (mg/cm3). The ability of a

bone to resist torsion was assessed using the polar strength strain index

(SSIp); total and cortical bone SSIp measures were assessed at the 10

and 50% proximal sites, respectively.

Mechanical testing. Mechanical loading was conducted with a 3-point

bending fixture adjusted to have a 30-mm span between lower supports

and load applied from above at the center of the span, as previously

described (21). The upper loading post was brought into contact with

each specimen and ramp loading was applied at 50 mm/min until failure

(22). Displacement and the resulting force were recorded at 10 Hz.

Following mechanical testing, width, height, and cortical shell thickness

at 4 locations were recorded for each specimen cross section at the

midshaft diaphysis.

Maximum force and yield force were determined for each specimen

from the force displacement data recorded during testing. Moments of

inertia were calculated as elliptical shells (23). Flexural moduli were

calculated using geometry data and linear portions of force displacement

curves. The following 3-point bending equation was used to determine

the modulus of elasticity: E ¼ FL3

48dI, where E is flexural elastic modulus, F

is force, L is span between lower supports, d is displacement, and I is

cross section moment of inertia (23).

Gene expression. Total RNAwas isolated from bone marrow, kidney,
liver, and duodenum and relative quantities of transcripts of interest were

TABLE 1 Experimental diet composition on an as-fed basis1

Diet

Calcium adequate2 Calcium deficient3

Ingredients, %

Lactose 37.9 37.9

12/28 milk replacer fat4 18.2 18.2

13/60 milk replacer fat4 14.6 14.6

Delactosed whey 14.3 14.3

Sodium caseinate 11.3 11.3

Calcium carbonate 0.6 0

Potassium phosphate 0.2 0.2

Vitamin premix5 0.1 0.1

Mineral premix6 0.5 0.5

DL-Methionine 0.5 0.5

Potassium sorbate 0.5 0.5

Analyzed7

Crude protein, % 27.7 27.7

Crude fat, % 18 18

Gross energy, kJ/kg 19,750 19,750

Lactose, % 36.4 36.4

Delactosed whey, % 20 20

Ca, % 1.2 0.6

PO4, % 1 1

1 Composition of the powdered milk replacer that was reconstituted at a rate of 175g/kg

final liquid formula.
2 Diet met pigs’ requirements based on sow milk composition and an extrapolation from

the NRC recommendations for older pigs (18).
3 Diet was deficient in only in calcium.
4 MSC, Dundee, IL.
5 Vitamin premix provided per kg: 9.9 g retinyl acetate, 165 mg cholecalciferol, 36.7 mg

DL-a-tocopherol, 5.1 g dimethylpyrimidinol bisulfate, 2.04 g thiamin, 8.38 g riboflavin, 4 g

pyridoxine, 44 mg vitamin B-12, 30 g pantothenic acid, 33.1 g niacin, 2.76 g folic acid, 117

g ascorbic acid, and 66 mg biotin.
6 Mineral premix provided per kg: 271 g calcium, 140 mg phosphate, 610 mg sodium,

18.34 g chloride, 129 mg potassium, 14.6 g magnesium, 26.54 g sulfur, 1.85 g copper, 20

g zinc, 68 mg selenium, 124 mg cobalt, 437 mg iodine, 20.8 g iron, 5.44 g manganese,

and 60 g choline.
7 Diets were analyzed on a dry matter basis by Milk Specialties Co.
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determined by semiquantitative real-time PCR as previously described

(24). Primer oligonucleotides for PPARG, Runt related transcription

factor (Runx2), lipoprotein lipase (LPL), osteocalcin (OC), osteoprote-
gerin (OPG), RANK ligand (RANKL), vitamin D receptor (VDR),

calcitonin receptor (CTR), calcium-sensing receptor (CaR), PTH recep-

tor (PTHR), 1a-hydroxylase (CYP27B1), 24 a-hydroxylase (CYP24A1),
and sodium-phosphate cotransporter 2 (NPT2) were designed using

PrimerQuest software (Integrated DNA Technologies; Supplemental

Table 1). Primer sets and the control gene, 60S ribosomal RNA, were

validated according to the specifications set forth by Livak and

Schmittgen (25). Reactions were performed as previously described

(24). At completion, all samples were subjected to a melt curve analysis

to validate the absence of nonspecific products. The 22DCT method was

employed to normalize gene expression values prior to statistical analysis

(25).

MSC isolation and immunocytochemistry. MSCwere isolated based

on adherence to plastic (6) and verified to be ,5% positive for CD45

(AbD Serotec) and.95% positive for CD105 (Thermo Scientific). MSC

were plated in basal media at 104 cells/cm2 in 24-well plates and

incubated for 48 h prior to fixation for immunocytochemical staining for

BrdU. The MSC not utilized for immunocytochemistry were frozen in

DMEM + 10% FBS + 5% DMSO and stored in LN2 prior to use.

Cells were fixed and stained for the presence of BrdU as previously

described (24). The in vivo rate of cell proliferation was determined by

calculating the ratio of stained:unstained cells. A total of 5 fields of view

(.200 cells total) from each of 2 replicate wells for each pig were
counted and the mean taken per pig.

Cell culture in homologous sera. TheMSC isolated from 6 individual
pigs (3 Ca adequate and 3 Ca deficient) were thawed, resuspended in

basal media, individually plated at 104 cells/cm2 in 6-well plates, and

given 48 h to attach prior to the initiation of treatments. The MSC from

each individual pig were subjected to culture in 4 different media

formulations for 6 d with a complete media change on d 3. The media

formulations were as follows: 1) Ca-adequate control = DMEM + Ca-

adequate sera (Ca+S); 2) Ca-adequate adipogenic = DMEM + Ca+S +

adipogenic mix (500 nmol/L dexamethasone, 0.5 mmol/L 3-isobutyl-1-

methyl-xanthine, 60 mmol/L indomethacin, 50 mmol/L b-mercaptoeth-

anol, 1 mmol/L sodium pyruvate); 3) Ca-deficient control = DMEM +

Ca-deficient sera (Ca2S); and 4) Ca-deficient adipogenic = DMEM +

Ca2S + adipogenic mix. After 6 d of culture, cells were utilized for

determination of cell proliferation, gene expression, and cytochemical

staining.

In vitro cell proliferation. Cell proliferation for the in vitro culture

study was determined using the CyQuant NF cell proliferation kit

according to the manufacturer’s instructions (Invitrogen Life Technol-

ogies). Proliferation was measured in duplicate wells for each pig.

Cytochemical staining. Cells were fixed and stained in duplicate for

alkaline phosphatase activity (ALP) and the presence of neutral lipids on

d 6. Staining for ALP was accomplished with a commercially available

kit (ALP staining kit, Takara Bio) according to the manufacturer’s

instructions. Accumulation of neutral lipids was visualized by fixing the

cells in 10% formalin and then staining with 0.2% Oil Red O for 1 h,

followed by thorough rinsing with water. For cells to be considered

positive for Oil Red O staining, at least 20% of the cell volume needed to

be stained. Cells were counted using 6 fields of views for a total of at least

200 cells counted per well in duplicate wells for each pig.

Gene expression. Total RNA was isolated from MSC using the

Ambion RNAqueous kit according to the instructions of the manufac-

turer and genomic DNA was removed by incubation with deoxyribo-

nuclease I (DNA-free kit, Ambion). The generation of cDNA and

analysis of the gene expression of PPARG, Runx2, OC, and LPL were

conducted in the same manner as described above.

Statistical analysis. Data were analyzed using the GLM procedure of
SAS (Version 9.1, SAS Institute). For the whole pig measures, dietary

treatment was considered a fixed effect and initial body weight was used

as a covariate for growth performance data. For the cell culture studies,

media, sera Ca status, cell Ca status, and their interactions were
considered fixed effects. For all individual pairwise comparisons of least

square means, P-values were obtained with the pdiff option of SAS.

Differences were considered significant at P , 0.05. Values reported in

the text are least square means 6 SE.

Results

Growth performance

Dietary Ca concentrations did not affect growth performance.
Daily weight gain (0.22 6 0.01 kg/d), daily feed intake (0.19 6
0.01 kg/d), and feed conversion efficiency (1.15 6 0.04) did not
differ between the treatment groups.

Plasma macrominerals and hormones

There were no significant differences in the plasma concentra-
tions of Ca and P throughout the 18-d feeding trial (Fig. 1).
Plasma concentrations of 1,25-dihydroxycholecalciferol were
greater (P , 0.05) in Ca-adequate compared with the Ca-
deficient pigs on d 6. Plasma concentrations of PTH and 1,25-
dihydroxycholecalciferol tended to be greater (P = 0.12) in
Ca-deficient compared with the Ca-adequate pigs on d 18.

Bone integrity

The BMD and mechanical strength of tibial bones were greater
(Table 2) among the Ca-adequate pigs (P, 0.05). The BMDwas
greater in both the trabecular and cortical fractions of the distal
tibia and tended to be greater in the cortical bone at the mid-
diaphysis in Ca-adequate pigs (P = 0.1). The cortical content in

FIGURE 1 Effects of neonatal dietary Ca deficiency on plasma Ca

(A), PO4 (B), 1,25-dihydroxycholecalciferol (C ), and PTH (D) concen-

trations in piglets. Values are least square means and SE, n = 7.

*Different from Ca adequate, P , 0.05.
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the distal tibia was also greater in the Ca-adequate pigs (P ,
0.01). The bones’ ability to resist torsion, as assessed using the
SSIp, and flexural strength were also greater among the Ca
adequate pigs (Table 2).

In vivo cell proliferation

The percentage of BrdU labeled MSC isolated from humeral
bone marrow was greater among the Ca-adequate pigs (P ,
0.05). Piglets fed the Ca-adequate milk replacer had almost
double the number of actively proliferating MSC as did the pigs
fed the Ca-deficient diet (69 and 35%BrdU positive, respectively).

Tissue gene expression

In the bone marrow, the expressions of CaR and 1a-hydroxylase
were 5-fold and 4-fold greater, respectively, in the Ca-deficient
pigs compared with Ca-adequate pigs (P , 0.05) (Fig. 2).
Expression of bothCTR andOPG tended to be greater (P, 0.1)
in the Ca-deficient pigs (Fig. 2). The levels of VDR, PTHR,
RANKL, Col1A1, PPARG, LPL, and OC mRNA in bone
marrow were not affected by dietary Ca. There were also no
significant differences in the expression of PTHR and VDR in
the liver and PTHR, VDR, CTR, CaR,NPT2, 1-a-hydroxylase,
and 24-a-hydroxylase in the kidney between the 2 treatment
groups. CaR levels tended to be greater in the duodenum of Ca-
deficient pigs than in Ca-adequate pigs (P = 0.1). The expres-
sions of VDR, PTHR, Ca ATPase, TRPV6, and calbindin in the
duodenum were not affected by dietary treatment.

Cell culture

In vitro cell proliferation. MSC proliferation was significantly
affected by treatment (control or adipogenic media), sera
utilized (Ca+S and Ca2S), and tended to be affected by the
interaction between treatment and sera (P = 0.09). As expected,
adipogenic media reduced MSC proliferation by ~40% com-
pared with control media (P , 0.01). A similar reduction in

proliferation was seen with Ca2S compared with Ca+S (P ,
0.02). There tended to be a greater reduction in proliferation in
response to Ca2S when the MSC were cultured in control rather
than adipogenic media (P = 0.09). There was also a trend for
increased proliferation in the Ca-deficient cells (;31%) com-
pared with Ca-adequate cells (P = 0.12).

Cytochemical staining. Cells cultured in adipogenic media
compared with control media had greater ALP staining (P ,
0.05; 40.75 vs 18.5%). Surprisingly, there was greater ALP
staining among MSC cultured in adipogenic media compared
with those cultured in control media (P , 0.05). There was no
effect of the Ca status of the sera or of the MSC on percentage of
ALP+ cells. A significant effect of both MSC and sera Ca status

FIGURE 2 Effects of dietary Ca on gene expression of CaR (A), 1a

hydroxylase (B), CTR (C ), and OPG (D) in the bone marrow of piglets.

Values are least square means and SE, n = 7, normalized to cDNA

concentrations and the expression of 60S ribosomal RNA. *Different

from Ca adequate, P , 0.05.

FIGURE 3 Effect of homologous sera and cell Ca status on Oil Red

O staining of porcine MSC. Values are least square means and SE, n =

4. Means without a common letter differ, P , 0.05.

TABLE 2 Effect of neonatal Ca deficiency on bone integrity
in piglets1

Calcium adequate Calcium deficient

Distal tibia

Trabecular bone

Bone area, mm2 150.1 6 3.61 159.7 6 9.98

BMC, mg/mm2 32.4 6 0.57 31.7 6 0.36

BMD, mg/mm3 216.0 6 3.22 199.5 6 5.28*

Cortical bone

Bone area, mm2 27.46 6 0.50 27.49 6 1.06

BMC, mg/mm2 12.6 6 0.41 11.1 6 0.49*

BMD, mg/mm3 459.2 6 10.37 403.6 6 16.29*

Midshaft of tibia

Trabecular bone

Bone area, mm2 12.75 6 1.14 14.20 6 0.85

BMC, mg/mm2 1.16 6 0.11 1.26 6 0.06

BMD, mg/mm3 90.51 6 0.84 88.77 6 1.06

Cortical bone

Bone area, mm2 53.57 6 2.00 54.53 6 0.43

BMC, mg/mm2 32.2 6 1.14 29.8 6 1.54

BMD, mg/mm3 601.1 6 11.60 558.3 6 21.40

SSIP 46.40 6 2.25 36.87 6 1.20*

Load at yield, n 423.1 6 31.5 345.2 6 14.4*

Maximum load, n 474.8 6 31.8 404.2 6 21.5*

1 Values are least square means 6 SE, n = 7. *Different from calcium adequate, P ,

0.05.
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was seen with Oil Red O staining (P , 0.05) (Fig. 3).
Surprisingly, treatment in adipogenic media did not affect Oil
Red O staining (P = 0.17). Greater Oil Red O staining was seen
among MSC from Ca-adequate pigs and among MSC cultured
in Ca2S (P , 0.05) (Fig. 3). Although the interaction between
MSC Ca status and sera Ca status was not significant (P = 0.2),
individual pairwise comparisons demonstrated that Ca-adequate
MSC accumulated more lipid when cultured in Ca-deficient sera
compared with Ca-adequate sera (P , 0.05).

Gene expression. The expression of PPARG increased 1.8-
fold in adipogenic media (P , 0.05). There also tended to be
interactions between treatment and the Ca status of the sera (P =
0.11) as well as between treatment and the Ca status of the MSC
(P = 0.09) (Fig. 4). Among cells cultured in adipogenic media,
those in media utilizing Ca2S tended to express more PPARG
than their counterparts cultured with Ca+S (P = 0.07). Addi-
tionally, MSC from Ca-deficient pigs also tended to express
more PPARG under adipogenic conditions than their Ca-
adequate counterparts (P = 0.14). Although adipogenic media
caused a 100% increase in LPL expression, there were no
significant interactions with either the Ca status of the sera or the
MSC. The expression of Runx2 was affected (P , 0.05) by
treatment, the Ca status of the sera, and their interaction (Fig. 4).
Surprisingly, treatment with adipogenic media increased the
expression of RunX2 as did culturing with Ca+S. Among cells
cultured in adipogenic media, those that received Ca+S had 1.4-
fold greater expression of RunX2. There also tended to be
;70% greater RunX2 expression among MSC isolated from
Ca-adequate pigs compared with their Ca-deficient counterparts
when cultured in control media (P = 0.11). Neither the Ca status
of the MSC or sera nor treatment affected the expression ofOC.

Discussion

In the present study, we examined the effects of dietary Ca
deficiency during the early neonatal period by utilizing a
physiologically appropriate animal model. Limited research
has been conducted to examine the impact of dietary Ca
deficiency in neonates (11,12) compared with studies employing
older animals (26–30). Studies in older animals have clearly
demonstrated that inadequate dietary Ca increases serum PTH
and 1,25-dihydroxycholecalciferol levels, which result in bone
loss (2,31–33). However, the role of PTH/1,25-dihydroxycho-
lecalciferol -mediated pathways in mineral homeostasis is not
fully elucidated in neonates. The anticipated increase in circu-
lating levels of PTH associated with Ca deficiency was not seen
in this study and, in additional contrast with Ca deficiency in
older animals, there was no significant increase in circulating
levels of 1,25-dihydroxycholecalciferol in our Ca-deficient
neonates. Although these endocrine profiles do not match
what would be expected in older animals, previous work in
rats has suggested that during the early suckling period, the
machinery to utilize 1,25-dihydroxycholecalciferol as an endo-
crine regulator of Ca homeostasis may be limited if not absent
(34,35). The work of Hsu and Levine (36) also suggests blunted
production of PTH in newborns. Therefore, the eucalcemia of
our Ca-deficient neonatal pigs was likely not a result of the
classical PTH/1,25-dihydroxycholecalciferol regulatory axis
and certainly warrants future studies to elucidate the cause of
its maintenance. Despite not seeing the changes in the circulating
levels of classical regulators of Ca homeostasis in our Ca-
deficient pigs, there was a significant reduction in BMD and
bone integrity without a reduction in whole body growth or
bone longitudinal growth indicative of a classical Ca deficiency.

To our knowledge, there have been no reported studies that
have examined the effect of dietary Ca on bone-marrow derived
MSC. We have demonstrated in this study that dietary Ca
deficiency during the early neonatal period can result in
dramatically reduced MSC proliferation in vivo. Because MSC
provide the life-long supply of osteoprogenitor cells and MSC
proliferation rates are greatest during early infancy (8), dietary
restrictions that affect these cells could have both immediate as
well as long-term consequences for bone health. Early-life
nutrient restrictions affecting the activity of tissue-specific stem
cells have previously been shownwith satellite cells (muscle stem
cells), resulting in permanent muscle growth deficits (37,38).
The almost 50% reduction in proliferating MSC in our Ca-
deficient pigs could have significantly affected the attainable
peak BMD for these pigs. To evaluate if this change in MSC
activity was due only to their endocrine environment or if they
had been fundamentally altered (i.e. underwent a change in
lineage allocation), we conducted a cell culture study utilizing
homologous sera. Alterations in cell proliferation, lipid accu-
mulation, and gene expression based on the Ca status of the
MSC as well as the Ca status of the homologous sera strongly
suggest that although the endocrine environment is in part
responsible for changes in MSC activity, the MSC were
somehow altered based on neonatal Ca deficiency. Further
research is needed to determine whether this alteration of the
MSC is a true developmental programming event or a carryover
effect from the endocrine environment of the neonatal pigs from
which they were isolated.

The Ca-deficient sera caused reduced (P , 0.05) prolifera-
tion, reduced (P , 0.05) RunX2 expression, increased (P ,
0.05) PPARG expression, and increased (P , 0.05) lipid
accumulation in MSC. Based on the increased expression of

FIGURE 4 Effects of homologous sera and Ca status of MSC on the

gene expression of PPARG (A), Runx2 (B), and LPL (C ) in piglets.

Values are least square means and SE, n = 4, normalized to cDNA

concentrations and the expression of 60S ribosomal RNA. Means

without a common letter differ, P , 0.05.
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PPARG and the decreased expression of RunX2 in the presence
of Ca-deficient sera, it is tempting to hypothesize that Ca-
deficient sera causes a shift of the MSC pool away from
osteogenesis and toward an adipocytic phenotype. An increase
in adipocytic and a concomitant decrease in osteogenic differ-
entiation of MSC is suggested to be responsible in part for the
bone loss seen during aging (39). The inverse relationship
between Runx2 and PPARG expression in MSC cultured in sera
from Ca-deficient pigs may be indicative of shift away from
osteogenesis, which could be responsible for the reduced BMD
and bone strength in Ca-deficient pigs in this study. The changes
in MSC activity caused by the Ca-deficient sera are particularly
interesting, because the pooled sera utilized in the cell culture
studies did not differ in Ca, phosphate, PTH, or 1,25-dihydrox-
ycholecalciferol concentrations between Ca-adequate and Ca-
deficient treatments. Further research is needed to identify other
potential endocrine compounds that are altered in response to
Ca deficiency and characterize their effect on MSC activity. This
study demonstrates that neonatal Ca deficiency may have
lifelong consequences for bone health via its impact on the
activity of MSC. Our in vivo and in vitro experiments demon-
strate that neonatal Ca deficiency has an inherent effect on MSC
as well as one modulated through the endocrine environment.

As expected in our in vitro studies, the relative expression of
PPARG was significantly greater in the media supplemented
with adipogenic factors and there was a trend for greater lipid
accumulation, consistent with a shift toward adipogenic differ-
entiation. However, there was limited adipocytic differentiation
among these cells. There are 2 potential explanations for the lack
of clear adipocytic differentiation among these cells. First, cells
were not allowed to reach confluence prior to adipocytic
induction. Based on the number of MSC we were able to obtain
for each pig as well as the limited amount of homologous sera we
had available for media preparation, we were unable to allow
the cells to reach confluence prior to adipocytic induction. A
second potential explanation is that our adipogenic media was
optimized for use with FBS. The substantial differences between
neonatal porcine sera and FBS may require adjustment of the
adipogenic agents to achieve a high percentage of adipocytic
differentiation. Our adipogenic media did encourage differenti-
ation, as evidenced by reduced proliferation, a trend for increase
Oil Red O staining, and increased expression of both PPARG
and RunX2, markers of adipocytic and osteogenic differentia-
tion, respectively; however, this differentiation was not as
specific as what is seen when using FBS-containing media.

We also assessed other physiological implications of dietary
Ca deficiency by examining the expression of relevant genes in
tissues related to Ca homeostasis. Increased expression of CaR,
1a-hydroxylase, CTR, and OPG was seen in the bone marrow
of Ca-deficient pigs. Increased expression of CaR has been
shown to affect bone formation by Ca-mediated increases in
osteoblast and stromal cell proliferation (40) and inhibition of
osteoclast formation (41). The increased CaR expression in the
bone marrowmight be a mechanism to attempt to preserve bone
integrity during the short-term nutritional insult. Because
calcitonin has been shown to inhibit bone resorption (42) and
increase bone formation (43), elevated CTR in the Ca-deficient
pigs may again be an attempt to limit bone resorption during this
short-term dietary Ca deficiency. Elevated OPG in the bone
marrow of Ca-deficient pigs may also have a similar goal as OPG
inhibits osteoclast formation (44). Although the presence of
1a-hydroxylase in the kidney is necessary for synthesis of 1,25-
dihydroxycholecalciferol to mediate its effects as an endocrine
regulator of Ca and P homeostasis (45), it has also been

suggested that 1,25-dihydroxycholecalciferol has autocrine and/
or paracrine functions in bone marrow independent of circulat-
ing 1,25-dihydroxycholecalciferol (46). Although the circulating
levels of 1,25-dihydroxycholecalciferol were unchanged based
on dietary Ca level, the spike in the gene expression of
1a-hydroxylase in bone marrow could indicate increased local
synthesis of 1,25-dihydroxycholecalciferol. Based on our previ-
ous study (6), 1,25-dihydroxycholecalciferol could directly alter
MSC activity in the bone marrow.

In summary, dietary Ca deficiency during the early neonatal
period has significant effects on bone that do not appear to be
mediated by the classical Ca homeostatic regulation via the
PTH/1,25-dihydroxycholecalciferol axis. We have demonstrated
that this early-life dietary Ca deficiency dramatically altered the
in vivo activity of bone marrow-derived MSC. Our in vitro
studies also suggest that the MSC isolated from the C- deficient
pigs may have been fundamentally altered, providing support
for the developmental programming of bone by early life Ca
nutrition. With increasing support for viewing osteoporosis as a
pediatric disease with elderly onset, as well as increasing
evidence of altered MSC lineage allocation causing the reduced
bone formation and concomitant increase in bone adipose
content seen with aging and osteoporosis, understanding the
importance of early-life nutrition on the programming ofMSC is
critical. This study highlights the importance of Ca nutrition
during neonatal bone development in this regard and these
results warrant the further examination of dietary Ca recom-
mendations for human neonates to ensure maximum bone
growth, particularly those born prematurely or at a low birth
weight.
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