
Synergistic effects of high dietary calcium and exogenous parathyroid
hormone in promoting osteoblastic bone formation in mice

Yuxu Feng1†‡, Min Zhou1†, Qunhu Zhang1, Huan Liu1, Yong Xu1, Lei Shu2, Jue Zhang3,
Dengshun Miao4 and Yongxin Ren1*
1Department of Orthopaedics, The First Affiliated Hospital, Nanjing Medical University, Nanjing,

Jiangsu, People’s Republic of China
2Department of Geriatric Endocrinology, Jinling Hospital, Nanjing University School of Medicine,

Nanjing, People’s Republic of China
3Department of Emergency, The Affiliated Jiangning Hospital of Nanjing Medical University, Nanjing,

Jiangsu, People’s Republic of China
4Center for Bone and Stem Cell Research, Nanjing Medical University, Nanjing, Jiangsu, People’s Republic of China

(Submitted 4 June 2014 – Final revision received 27 November 2014 – Accepted 2 December 2014 – First published online 6 March 2015)

Abstract

In the present study, we investigated whether high dietary Ca and exogenous parathyroid hormone 1–34 fragments (PTH 1–34) have syner-

gistic effects on bone formation in adult mice, and explored the related mechanisms. Adult male mice were fed a normal diet, a high-Ca diet, a

PTH-treated diet, or a high-Ca diet combined with subcutaneously injected PTH 1–34 (80mg/kg per d) for 4 weeks. Bone mineral density,

trabecular bone volume, osteoblast number, alkaline phosphatase (ALP)- and type I collagen-positive areas, and the expression levels of osteo-

blastic bone formation-related genes and proteins were increased significantly in mice fed the high-Ca diet, the PTH-treated diet, and, even

more dramatically, the high-Ca diet combined with PTH. Osteoclast number and surface and the ratio of receptor activator for nuclear

factor-kB ligand (RANKL):osteoprotegerin (OPG) were decreased in the high-Ca diet treatment group, increased in the PTH treatment

group, but not in the combined treatment group. Furthermore, third-passage osteoblasts were treated with high Ca (5 mM), PTH 1–34

(1028
M) or high Ca combined with PTH 1–34. Osteoblast viability and ALP activity were increased in either the high Ca-treated or PTH-treated

cultures and, even more dramatically, in the cultures treated with high Ca plus PTH, with consistent up-regulation of the expression levels of

osteoblast proliferation and differentiation-related genes and proteins. These results indicate that dietary Ca and PTH play synergistic roles in

promoting osteoblastic bone formation by stimulating osteoblast proliferation and differentiation.
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Parathyroid hormone (PTH) is secreted by parathyroid chief

cells, which plays a key role in bone and kidney metabolism.

Mature PTH consists of eighty-four amino acid residues,

and its biological activity is predominantly determined

by the N-terminal amino acid sequence from 1 to 34(1). Its

1–34 fragment, namely PTH 1–34, is currently in clinical use.

The effects of PTH 1–34 on bone depend on the dose and

mode of administration. Numerous animal experiments and

human studies have shown that intermittent injection of PTH

1–34 exerts anabolic effects by increasing bone mass (BM),

whereas continuous PTH 1–34 treatment decreases the BM(2).

Studies(3) have shown that intermittent PTH can promote bone

formation by a variety of mechanisms including: (1) promoting

pre-osteoblast differentiation in osteoblasts; (2) suppressing

adipocyte formation; (3) changing bone lining cells into active

osteoblasts; (4) inhibiting osteoblast apoptosis; (5) playing an

indirect role through autocrine/paracrine molecules, including

insulin-like growth factor 1 (IGF-1), Wnt and fibroblast growth

factors. However, the specific molecular mechanism remains

unclear and requires further in-depth study.
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Human recombinant PTH 1–34 (teriparatide) is the only

currently recommended agent that promotes bone formation,

and was approved by the US Food and Drug Administration

in 2000 for the treatment of postmenopausal women with

osteoporosis who are at high risk for fracture(4). However,

its curative effect is not ideal when used alone, because

PTH can promote bone formation as well as stimulate bone

absorption. In early 1993, Shen et al.(5) found that PTH

combined with oestrogen can effectively increase trabecular

BM and connections. In a clinical study, Cosman et al.(6)

also found that the PTH/oestrogen combination can signifi-

cantly improve BM and bone mineral density (BMD) in

patients, simultaneously reducing the risk of vertebral fracture.

Thus, using PTH in combination with other drugs to promote

bone formation is another target for research.

Studies have found that high concentrations of Ca ions can

cause osteoclast apoptosis(7) as well as function as a chemical

chemokine to promote osteoblast precursors to move to bone

absorption sites, and stimulate osteoblast proliferation and

differentiation to produce new bone(8,9). These findings suggest

that Ca may be an important coupling factor between bone

resorption and bone formation by inhibiting bone resorption

and stimulating bone formation. Previous studies have

suggested that high concentrations of Ca ions inhibit bone

resorption, by inhibiting the generation of endogenous PTH

and 1,25-dihydroxyvitamin D3
(10). A recent in vitro study has

found that high concentrations of Ca could activate the mito-

gen-activated protein kinase (MAPK) pathway mediated by

Ca-sensing receptor (CaSR) to stimulate osteoblast proliferation

anddifferentiation(8).Ourprevious studies(11–14) have indicated

that the effect of endogenous PTH on bone formation or

absorption might depend on the concentration of extracellular

Ca ions. Exogenous PTH affects endochondral bone formation,

at least partially, by increasing the extracellular Ca concentration

to stimulate indirectly chondrocyte and osteoblast proliferation

and differentiation. Recent research has also shown that PTH

and Ca can each exert cooperative effects on osteoblastic

bone formation in the neonate(15).

Based on the aforementioned data, high Ca and exogenous

PTH play a synergistic role in promoting the bone formation

process, focusing mainly on osteoblast proliferation and differen-

tiation. However, it is still unclear whether the combination of

high Ca and PTH may play a synergistic role during bone for-

mation. To answer this question and identify related mechanisms,

we fed adultmice a high-Cadiet and treated themwithexogenous

PTH 1–34 in vivo. The alterations of bone formation and resorp-

tion parameters were examined using radiological, histological,

and cellular and molecular biological methods. Furthermore,

we cultured osteoblasts in the presence or absence of a high

concentration of Ca and PTH 1–34 in vitro, and examined their

effects on the proliferation and differentiation of osteoblasts.

Materials and methods

Animals

Male C57BL/6J mice (4 weeks of age) were purchased from

the Experimental Animal Center of Nanjing Medical University.

Animals were housed five per cage in a micro-isolator room

on a 12 h light–12 h dark cycle in the University Animal

Center. Beginning at 6 weeks of age, mice were fed purified

rodent diets from Harlan Teklad that were identical in content

except that they contained either a normal Ca (1 % Ca2þ) or a

high Ca (2 % Ca2þ) level. Simultaneously, mice received daily

injections of vehicle or PTH 1–34 (80mg/kg per d). After

4 weeks of treatment, mice were used for experiments as

described. The Institutional Animal Care and Use Committee

of Nanjing Medical University approved all experiments

(approval ID 2008-00 518).

Radiography and bone mineral density measurement

For radiography, the left tibias from 10-week-old mice were

removed and dissected free of soft tissue, and fixed overnight

in 70 % ethanol. X-ray images were obtained using a Faxitron

machine (Model 805; Faxitron X-ray Corporation) under

constant conditions (22 kV, 4 min exposure), and using a

Kodak X-Omat TL film (Eastman Kodak Company). For the

measurement of tibial BMD, a PIXImus densitometer (Lunar

PIXImus Corporation) was used (5 min image acquisition

with a precision of 1 % CV for skeletal BMD). The PIXImus

software automatically calculated the BMD and recorded

data in Microsoft Excel files (Microsoft Corporation).

Micro-computed tomography

After radiography and BMD measurement, the left tibias

were analysed sequentially, as described previously, using

micro-computed tomography with a Skyscan 1072 scanner

and associated analysis software (Skyscan)(16). Briefly, image

acquisition was performed at 100 kV and 98 mA with a 0·98

rotation between frames. During scanning, samples were

enclosed in tightly fitting plastic wrap to prevent movement

and dehydration. Thresholding was applied to the images to

segment bone from background. Two-dimensional images

were used to generate three-dimensional renderings using

the 3D Creator software supplied with the instrument (Sky

Scan). The resolution of the micro-computed tomography

images is 18·2 mm.

Histology

The right tibias were removed from mice, fixed overnight

at 48C in PLP fixative (2 % paraformaldehyde containing

0·075 M-lysine and 0·01 M-sodium periodate), and histo-

logically processed as described previously(17). The tibias

were decalcified in EDTA and glycerol solution for 5–7 d at

48C. The decalcified tibias were dehydrated and embedded

in paraffin, after which 5 mm sections were cut on a rotary

microtome. The sections were stained with haematoxylin

and eosin, or histochemically for total collagen and alkaline

phosphatase (ALP) activity and tartrate-resistant acid

phosphatase (TRAP), or for immunohistochemical staining as

described below.
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Collagen, alkaline phosphatase and tartrate-resistant acid
phosphatase histochemical staining

Total collagen was detected in paraffin-embedded sections

using a modified version of Lopez-De Leon & Rojkind’s(18)

method as described previously. Dewaxed sections were

exposed to 1 % Sirius red in saturated picric acid for 1 h.

After washing with distilled water, sections were counter-

stained with haematoxylin and mounted with Biomount

medium.

Enzyme histochemical analysis was performed for the

determination of ALP activity, as described previously(19).

Briefly, following pre-incubation overnight with 1 %

magnesium chloride in 100 mM-Tris-maleate buffer (pH 9·2),

dewaxed sections were incubated for 2 h at room temperature

in 100 mM-Tris-maleate buffer containing naphthol AS-MX

phosphate (0·2 mg/ml; Sigma) dissolved in ethylene glycol

monomethyl diethyl ether (Sigma-Aldrich) as a substrate,

and fast red TR (0·4 mg/ml; Sigma) as a stain for the reaction

product. After washing with distilled water, the sections

were counterstained with methyl green nuclear counterstain

(Vector Laboratories) and mounted with Kaiser’s glycerol jelly.

TRAP enzyme histochemical analysis was performed on

paraffin sections using a modification of a previously

described protocol(20). Dewaxed sections were pre-incubated

for 20 min in buffer containing 50 mM-sodium acetate and

40 mM-sodium tartrate at pH 5·0. The sections were incubated

for 15 min at room temperature in the same buffer containing

2·5 mg/ml of naphthol AS-MX phosphate (Sigma) in dimethyl-

formamide as a substrate, and 0·5 mg/ml of fast garnet GBC

(Sigma) as a colour indicator for the reaction product. After

washing with distilled water, the sections were counterstained

with methyl green and mounted with Kaiser’s glycerol jelly.

Immunohistochemical staining

Immunohistochemical staining for type I collagen (Col-I) was

performed using an affinity-purified goat anti-mouse Col-I

antibody (Southern Biotechnology Associates) as described

previously(17). Briefly, dewaxed and rehydrated paraffin-

embedded sections were incubated with methanol–H2O2

(1:10) to block endogenous peroxidase activity, and then

washed in Tris-buffered saline (pH 7·6). The slides were

incubated with the primary antibody overnight at room

temperature. After rinsing with Tris-buffered saline for 15 min,

tissues were incubated with a secondary antibody (biotinylated

goat anti-rabbit IgGor biotinylated goat anti-mouse IgG; Sigma).

Next, the sections were washed and incubated with the

VECTASTAIN Elite ABC reagent (Vector Laboratories) for

45 min. Staining was developed using 3,30-diaminobenzidine

(2·5 mg/ml) followed by counterstaining with Mayer’s

haematoxylin.

Computer-assisted image analyses

After haematoxylin and eosin, histochemical, or immunohisto-

chemical staining of sections from six mice of each group

images were photographed using a Sony digital camera,

adjusting the digital camera with 5·07 £ 106 pixels. Images of

micrographs from single sections were digitally recorded

using a rectangular template, and recordings were processed

and analysed using Northern Eclipse image analysis software

(Empix Imaging, Inc.) as described previously(12,17,21). This

technology was used for the determination of the trabecular

bone volume relative to the total volume (BV:TV) in col-

lagen-stained sections.

Western blot analyses

Proteins were extracted from left femur tissues or osteoblasts

from each group and quantified using Bradford protein

assay kits (Bio-Rad). Protein samples (30mg) were fractionated

by SDS–PAGE and transferred to nitrocellulose membranes.

Immunoblotting was performed, as described previously(22)

using parathyroid hormone receptor (PTHR; Sigma), IGF-1

(Millipore), Runt-related transcription factor 2 (Runx2;

Bioworld), b-catenin, Wnt-5a and TRVP-6 antibodies (Santa

Cruz Biotechnology, Inc.). b-Tubulin (Santa Cruz) was used

as a loading control. Bands were visualised using enhanced

chemiluminescence (ECL) (Amersham) and quantified by

Scion Image Beta 4.02 (Scion Corporation).

Quantitative real-time RT-PCR

RT reactions were performed using the SuperScript First-Strand

Synthesis System (Invitrogen), as described previously(21).

Real-time RT-PCR was performed using a LightCycler system

(Roche Molecular Biochemicals). Reactions included 2 ml of

LightCycler DNA Master SYBR Green I (Roche), 0·25 mM of

each 50 and 30 primer (Table 1), and 2 ml of sample (or H2O)

to a final volume of 20 ml. Samples were amplified for thirty-

five cycles with a temperature transition rate of 208C/s for

all the three steps, including denaturation at 948C for 10 s,

annealing for 5 s, and extension at 728C for 20 s. SYBR green

fluorescence was measured to determine the amount of

double-stranded DNA. To discriminate specific from non-

specific complementary DNA products, a melting curve was

obtained at the end of each run. Products were denatured at

948C for 30 s; the temperature was then decreased to 558C for

15 s and increased slowly from 55 to 948C, using a temperature

transition rate of 0·1888C/s. To determine the number of target

DNA copies in the samples, purified PCR fragments of known

concentration were serially diluted, and served as external

standards for each experiment. Data were normalised to

glyceraldehyde 3-phosphate dehydrogenase levels.

Osteoblast isolation, culture, and differentiation

To obtain purified osteoblasts, calvaria from newborn mice

(postnatal days 1 and 2) were dissected from the surrounding

muscle and soft tissue, and washed with PBS containing

penicillin and streptomycin as described previously(23).

Briefly, the isolated calvaria were sequentially digested in

aMEM (Gibco BRL) containing 0·25 % trypsin and 0·1 % I

collagenase for 20 min at 378C. Cells were collected by

centrifugation, resuspended in the cell-culture medium
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(aMEM containing 10 % FBS, 2 mM-L-glutamine, 100 units/ml

of penicillin/streptomycin and 50mg/ml of ascorbic acid),

and grown in six-well Petri dishes in a CO2 incubator at

378C. The cell-culture medium was changed every 3–4 d,

and the cells were passaged at approximately 80–90 %

confluence. Third-passage osteoblasts were used in the

following experiments.

Osteoblast treatment with calcium, parathyroid hormone
1–34 fragment or PD98059

We divided osteoblasts randomly into different groups after

the cells were adherent for 24 h. For the PTH 1–34 treatment

group, PTH 1–34 was added at a concentration of 1028
M once

every 48 h, and was kept in the media for 6 h, and then PTH

1–34 was removed and replaced by the cell-culture media,

to create an in vitro PTH 1–34 intermittent treatment model.

For the high-Ca treatment group, calcium chloride was

added to a concentration of 5 mM for 48 h. For the high Ca

and PTH 1–34 combined group, PTH 1–34 and calcium

chloride were added to a concentration of 1028
M and 5 mM,

respectively, on a 48 h cycle. For the first 6 h, the cell-culture

media contained PTH 1–34 and calcium chloride. For the

following 42 h, PTH 1–34 was removed, and the cells were

cultured in cell-culture media containing calcium chloride

alone. PD98059, a selective and reversible inhibitor of

MAPK-activating enzyme, (20mM; Tocris) was added to the

high Ca and PTH 1–34 combined media as described

previously. Cells were processed for 6 d, and subsequent

experiments were completed.

Osteoblast proliferation viability and alkaline phosphatase
activity detection assays

Osteoblasts were used during the logarithmic growth phase,

and suspended in the cell-culture medium. Cells were

seeded in ninety-six-well plates at a concentration of 1 £ 104

cells/ml (in 100ml media), and maintained in a CO2 incubator

at 378C. After adherence for 24 h, cells were randomly divided

into different groups, and treated as described above. After

treatment for 2, 4, 6 or 8 d, the treatment media was removed,

and cells were incubated for 1·5 h in l00ml of the cell-culture

media containing 10ml CCK-8 (Cell Counting Kit-8; Dojindo

Company). We measured the absorbance value (optical

density; OD) at 490 nm in a microplate reader. The experiment

was repeated at least three times, and cell viability was calcu-

lated according to the following formula:

Cell relative viability ð%Þ ¼ ODexperiment=ODcontrol £ 100%:

(ODblank was used as the base point). ALP activity was

measured using the method as described previously(24).

Mitogen-activated protein kinase assays

Third-passage osteoblast cells were treated with various

reagents as described previously. After the treatment, cells

were washed in PBS (20 mM-NaH2PO4, 0·9 % NaCl, pH 7·4)

and lysed for 20 min with lysis buffer (20 mM-Tris–HCl, pH 7·4,

150 mM-NaCl, 0·1 % Nonidet P-40, 1 % glycerol, 0·2 mM-sodium

vanadate, and a protease inhibitor cocktail tablet (Sigma)/

10 ml of buffer). Samples were collected, microcentrifuged

at 14 000 rpm for 5 min, and the supernatants were collected,

assayed for protein, and prepared for Western blot analyses

with an antibody against the active phosphorylated form of

MAPK. Membranes were stripped and reprobed using

polyclonal antibodies against MAPK (extracellular signal-

regulated kinase (ERK)-1 and ERK-2).

Statistical analyses

Data from image analyses are presented as means with their

standard errors of the mean. Statistical comparisons were

made using two-way ANOVA. For all analyses, P,0·05 was

considered statistically significant.

Table 1. RT-PCR primer sequences, annealing temperatures (Tm) and amplicon lengths (bp)

Genes Primer sequences Tm (8C) Product size (bp)

Runx2 F: 50-CAAGAAGGCTCTGGCGTTTA-30 55 84
R: 50-TGCAGCCTTAAATGACTCGG-30

Alp F: 50-CGGGACTGGTACTCGGATAA-30 56 157
R: 50-ATTCCACGTCGGTTCTGTTC-30

Ocn F: 50-CTTGGTGCACACCTAGCAGA-30 55 186
R: 50-CTCCCTCATGTGTTGTCCCT-30

Col-I F: 50-TCTCCACTCTTCTAGTTCCT-30 55 269
R: 50-TTGGGTCATTTCCACATGC-30

CaSR F: 50-AATAGCTCCACTGCCTTCCG-30 60 123
R: 50-GTGCCGTAGGTGTTTCAGGA-30

Rankl F: 50-CCGCCTCCCGCTCCATGTTC-30 60 257
R: 50-TTCCTTCTGCACGGCCCCCT-30

Opg F: 50-GGAACCCCAGAGCGAAATACA-30 57 225
R: 50-CCTGAAGAATGCCTCCTCACA-30

GAPDH F: 50-ACCCCAGCAAGGACACTGAGCAA-30 60 120
R: 50-AGGGCTCCCTAGGCCCCTCCTG-30

Runx2, Runt-related transcription factor 2; F, forward; R, reverse; Alp, alkaline phosphatase;
Ocn, osteocalcin; Col-I, type I collagen; CaSR, Ca-sensing receptor; Rankl, receptor activator for nuclear
factor-kB ligand; Opg, osteoprotegerin; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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Results

Effects of the high-calcium diet and exogenous
parathyroid hormone 1–34 on bone mineral density
and bone volume in adult mice

To determine whether the high-Ca diet and exogenous PTH

treatments influence BMD and bone volume in adult mice,

the tibias were examined using X-ray radiography (Fig. 1(a))

and micro-computed tomography (Fig. 1(b)). Then, represen-

tative longitudinal sections of total collagen staining (Fig. 1(c)),

BMD values (Fig. 1(d)) and trabecular bone volumes (BV:TV;

Fig. 1(e)) were determined in the metaphyseal regions,

including both the primary and secondary spongiosa. The

results showed that BMD and trabecular bone volume were

increased significantly in either the high-Ca diet group or

the PTH treatment group compared with the vehicle-treated

group, and were significantly higher in the combined

treatment group than in the high-Ca diet or PTH treatment

group (Fig. 1(a)–(e)).

Effects of the high-calcium diet and exogenous
parathyroid hormone 1–34 on osteoblastic bone
formation in adult mice

To determine whether alterations of trabecular bone volume in

adult mice are associated with changes in osteoblast function,

bone formation parameters were assessed by haematoxylin

and eosin staining (Fig. 2(a)), histochemical staining for ALP

(Fig. 2(b)), immunostaining for Col-I (Fig. 2(c)), and histo-

morphometric analyses for osteoblast number (Fig. 2(d)),

ALP-positive area (Fig. 2(e)) and Col-I-positive area (Fig. 2(f)).

The high-Ca diet treatment group displayed significantly

increased osteoblast numbers, ALP-positive areas and Col-I-

positive areas compared with the normal diet group. There
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Fig. 1. Effects of the high-calcium diet and exogenous parathyroid hormone (PTH) on bone mineral density (BMD) and bone volume in 10-week-old wild-type

mice: (a) X-ray radiographs of the tibias; (b) representative longitudinal sections of the proximal ends of the tibias using micro-computed tomography (Mri-CT) and

a three-dimensional reconstruction; (c) representative longitudinal sections of total collagen (Total Col) staining; (d) BMD values; (e) trabecular bone volume

(BV:TV) determined in the metaphyseal regions, including both primary and secondary spongiosa. Values are means of five mice from each genotype, with

their standard errors represented by vertical bars. Mean value was significantly different from that of the vehicle-treated group: ** P,0·01, *** P,0·001. ††† Mean

value was significantly different from that of the high Ca2þ or exogenous PTH 1–34 treatment groups (P,0·001). (A colour version of this figure can be found

online at http://www.journals.cambridge.org/bjn).
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were no significant differences between the high-Ca diet and

exogenous PTH 1–34 treatment groups; however, bone for-

mation parameters were increased significantly in the combined

treatment group compared with either of these groups.

Effects of the high-calcium diet and exogenous
parathyroid hormone 1–34 on the expression of
osteoblastic-related genes and proteins in adult mice

The expression of Runx2 (Fig. 3(a)), Alp (Fig. 3(b)), Col-I

(Fig. 3(c)), osteocalcin (Ocn; Fig. 3(d)) and CaSR (Fig. 3(e))

were assessed using real-time RT-PCR in order to determine

whether alterations of osteoblastic bone formation were associ-

ated with changes in the expression of osteoblastic genes and

proteins. Additionally, the expression of the related proteins

including PTHR (Fig. 3(f) and (g)), Runx2 (Fig. 3(f) and (h))

and IGF-1 (Fig. 3(f) and (i)) were evaluated using Western blot

analyses. Consistent with the alterations observed using afore-

mentioned histomorphometric analyses, the gene expression

levels of Runx2, Alp, Col-1, Ocn and CaSR were significantly

increased in the high-Ca diet, PTH 1–34 and combined treat-

ment groups. Although there were no significant differences

between the high Ca and exogenous PTH 1–34 treatment

groups, there was an obvious increase in these expression
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Fig. 2. Effects of the high-calcium diet and exogenous parathyroid hormone (PTH) on osteoblastic bone formation in 10-week-old wild-type mice. Representative

micrographs of the sections: (a) haematoxylin and eosin (HE) staining; (b) histochemical staining for alkaline phosphatase (ALP); (c) immunostaining for type I col-

lagen (Col-I) from mice fed vehicle, high Ca2þ, exogenous PTH 1–34, or high Ca2þ plus exogenous PTH 1–34; (d) number of osteoblasts relative to the tissue area

(N.Ob/T.Ar, per mm2) counted in the metaphyseal regions of HE-stained tibial sections; (e) ALP-positive area as a percentage of the tissue area measured in the

metaphyseal regions of tibial sections; (f) Col-I-positive area as a percentage of the tissue area measured in the metaphyseal regions of tibial sections. Values are

means of five mice from each genotype, with their standard errors represented by vertical bars. Mean value was significantly different from that of the vehicle-treated

group: ** P,0·01, *** P,0·001. ††† Mean value was significantly different from that of the high Ca2þ or exogenous PTH 1–34 treatment group (P,0·001). (A colour

version of this figure can be found online at http://www.journals.cambridge.org/bjn).
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levels in the combined treatment group compared with either of

these groups. Consistent with alterations in gene expression, the

protein expression levels of PTHR, Runx2, and IGF-1 were sig-

nificantly increased in the high-Ca diet group compared with

the normal diet group. Moreover, the levels in the combined

treatment group were significantly higher than those in either

the high-Ca diet or exogenous PTH 1–34 treatment group.

Effects of the high-calcium diet and exogenous
parathyroid hormone 1–34 on osteoclastic bone
resorption in adult mice

To determine whether alterations in osteoclast function also

contribute to increased BMD and bone volume in adult

mice, osteoclast number and surface were determined using

histomorphometric analyses on TRAP-stained sections
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Fig. 3. Effects of the high-calcium diet and exogenous parathyroid hormone (PTH) on the expression of osteoblastic genes and proteins in 10-week-old wild-type

(WT) mice. Real-time RT-PCR and Western blot analyses were performed on the extracts from the long bones of WT mice fed vehicle, high Ca2þ, exogenous

PTH 1–34, or high Ca2þ plus exogenous PTH 1–34. RT-PCR of (a) Runt-related transcription factor 2 (Runx2), (b) alkaline phosphatase (Alp), (c) type I collagen

(Col-I), (d) osteocalcin (Ocn) and (e) calcium-sensing receptor (CaSR). Protein expression of (f, g) parathyroid hormone receptor (PTHR), (f, h) Runx2 and (f, i)

insulin-like growth factor 1 (IGF-1). mRNA and protein expression levels were calculated relative to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA

levels or b-actin protein levels, and expressed relative to the levels observed in WT mice. Values are means of five mice from each genotype, with their standard

errors represented by vertical bars. Mean value was significantly different from that of the vehicle-treated group: ** P,0·01, *** P,0·001. Mean value was signifi-

cantly different from that of the high Ca2þ or exogenous PTH 1–34 treatment group: †† P,0·01, ††† P,0·001.
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(Fig. 4(a)). We also examined the mRNA expression of

receptor activator for nuclear factor-kB ligand (Rankl) and

osteoprotegerin (Opg) in bony tissues using real-time

RT-PCR, and calculated the ratio of Rankl:Opg (Fig. 4(d)).

The number (Fig. 4(b)) and surface (Fig. 4(c)) of TRAPþ osteo-

clasts and the ratio of Rankl:Opg were significantly reduced in

mice fed a high-Ca diet compared with those fed a normal

diet. However, in the exogenous PTH treatment group, these

parameters were significantly increased. No significant

differences were observed in the combined treatment group

compared with the normal diet group; however, compared

with the high-Ca diet or exogenous PTH treatment groups,

these parameters in the combined treatment group were

significantly higher or lower (Fig. 4(b)–(d)).

Effects of the high-calcium diet and exogenous
parathyroid hormone 1–34 on osteoblast proliferation
and differentiation in vitro

We examined the effects of Ca and PTH on osteoblast prolifer-

ation and differentiation using a cell counting kit (CCK-8;

Table 2) and ALP kit (Table 3) . Osteoblast viability was

increased significantly after the first cycle, and reached a

peak after treatment for 6 d. However, no significant differ-

ences were observed in cell proliferation activity between

the high Ca treatment and PTH treatment groups; however,

viability was higher in the combined treatment group than

in any of the single treatment groups (Table 2). ALP activity

also increased significantly after the first cycle, and reached

a peak after treatment for 6 d, and then began to decline.

Although no significant differences were observed in ALP

activity between the high Ca and PTH treatment groups, ALP

activity was higher in the combined treatment group than in

any of the single treatment groups (Table 3).

Effects of the high-calcium diet and exogenous
parathyroid hormone 1–34 on the expression levels of
genes and proteins during osteoblast proliferation and
differentiation in vitro

To determine the effects of Ca and PTH on gene and protein

expression levels during osteoblast proliferation and differen-

tiation, we treated third-passage mouse-derived osteoblasts

as described previously. RNA was extracted, and the expression

levels of Col-I (Fig. 5(a)), Alp (Fig. 5(b)), Ocn (Fig. 5(c)),

Runx2 (Fig. 5(d)) and CaSR (Fig. 5(e)) were examined using

real-time RT-PCR. Protein was extracted, and the expression

levels of PTHR (Fig. 5(f) and (g)), Runx2 (Fig. 5(f) and (h)),

IGF-1 (Fig. 5(f) and (i)) proteins, and Wnt pathway-associated

proteins (b-catenin and Wnt-5a; Fig. 5(f), (j) and (k)) were

evaluated using Western blot analyses.

The expression levels of Col-I (Fig. 5(a)), ALP (Fig. 5(b)),

Ocn (Fig. 5(c)), Runx2 (Fig. 5(d)), and CaSR (Fig. 5(e))

genes and those of PTHR (Fig. 5(f) and (g)), Runx2 (Fig. 5(f)
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Fig. 4. Effects of the high-calcium diet and exogenous parathyroid hormone 1–34 fragment (PTH 1–34) on osteoclastic bone resorption in 10-week-old wild-type

(WT) mice. Representative micrographs of tibia sections from WT mice fed vehicle, high Ca2þ, exogenous PTH 1–34, or high Ca2þ plus exogenous PTH 1–34.

(a) TRAP histochemical staining; (b) number of TRAPþ osteoclasts relative to the tissue area (N.Oc/T.Ar, per mm2); (c) osteoclast surface area relative to the

bone surface (Oc.S/BS, %) counted in the metaphyseal regions of tartrate-resistant acid phosphatase-stained tibial sections; (d) real-time RT-PCR performed on

bone extracts for Rankl and Opg mRNA. The mRNA expression levels were calculated relative to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA

levels, and expressed relative to the expression levels of WT mice in the vehicle-treated group. The ratio of Rankl:Opg relative mRNA levels was calculated.

Values are means of five mice from each genotype, with their standard errors represented by vertical bars. Mean value was significantly different from that of the

vehicle-treated group: ** P,0·01, *** P,0·001. Mean value was significantly different from that of the high Ca2þ or exogenous PTH 1–34 treatment group:

†† P,0·01, ††† P,0·001. (A colour version of this figure can be found online at http://www.journals.cambridge.org/bjn).
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and (h)), IGF-1 (Fig. 5(f) and (i)), b-catenin and Wnt-5a

(Fig. 5(f), (j) and (k)) proteins were increased significantly

in the high-Ca diet, PTH and combined treatment groups.

Although there were no significant differences between the

high-Ca diet and PTH treatment groups, the combined

treatment group had significantly higher expression levels

than either the high-Ca diet or PTH treatment group.

Effects of the high-calcium diet and exogenous
parathyroid hormone 1–34 on extracellular signal-
regulated kinase 1/2 phosphorylation and thrombin
receptor activator peptide 6 expression in osteoblasts and
the effect of PD98059 on osteoblast proliferation and
differentiation

To determine whether the Ca and PTH treatments affected

ERK1/2 phosphorylation (p-ERK1/2) and Ca channel thrombin

receptor activator peptide 6 (TRPV-6) expression in osteo-

blasts, Western blot analyses were used to detect the relative

expression of p-ERK1/2 (Fig. 6(a)–(d)). Treatment with high

Ca2þ plus PTH 1–34 significantly induced ERK1/2 activation

in osteoblasts, and p-ERK1/2 protein expression levels

increased from baseline to 5 min. However, after 10 min, the

levels returned to basal levels (Fig. 6(a) and (b)). Furthermore,

p-ERK1/2 (Fig. 6(c) and (d)) and TRPV-6 (Fig. 6(c) and (e))

expression levels in osteoblasts were increased in the high

Ca, PTH 1–34 and combined treatment groups. Although

there were no significant differences in these protein

expression levels between the high Ca and PTH 1–34 treat-

ment groups, the combined treatment group was higher

than any of the single treatment groups (Fig. 6(c)–(e)).

We examined the effect of the MEK inhibitor PD98059 on

p-ERK1/2-mediated osteoblast proliferation and differentiation

stimulated by Ca and PTH 1–34. Compared with the

unblocked group, osteoblast viability (Fig. 6(f)), ALP activity

(Fig. 6(g)), and p-ERK1/2 relative expression levels (Fig. 6(h)

and (i)) were significantly decreased after the treatment

with PD98059.

Discussion

To validate the hypothesis that Ca and exogenous PTH 1–34

have synergistic effects on bone formation in adult mice,

and to identify the related mechanisms, we fed 6-week-old

male mice a normal or high-Ca diet, and subcutaneously

injected them with vehicle (saline solution) or exogenous

PTH 1–34 (80mg/kg per d) for 4 weeks. We observed the

role and mechanisms of high Ca and exogenous PTH 1–34

on osteoblastic bone formation using radiology, histopatho-

logy, and cellular and molecular biology techniques.

Previous research studies have found that dietary Ca

supplementation can prevent osteoporosis and increase

Table 2. Osteoblast cell viability (% of control) among the different treatment groups‡

(Mean values with their standard errors)

Treatment time (d)

2 4 6 8

Groups Mean SEM Mean SEM Mean SEM Mean SEM

Ca2þ(5 mM) 126·2 4·3 151·7 5·6 174·1** 7·6 148·6 4·8
PTH 1–34 (1028

M) 131·1 3·5 162·1 5·9 186·2** 8·7 151·7 5·2
Ca2þþ PTH 1–34 195·8†† 3·7 233·7†† 6·1 272·0**†† 9·2 210·1†† 5·8

PTH 1–34, parathyroid hormone 1–34 fragment.
** Mean value was significantly different from that of the vehicle-treated group at the same time point (P,0·01).
†† Mean value was significantly different from that of the high Ca2þ or exogenous PTH 1–34 treatment group at the same time

point (P,0·01).
‡ Cell viability was evaluated in the high Ca2þ, PTH 1–34 and high Ca2þ plus PTH 1–34 treatment groups. Osteoblast cells were

treated for 2, 4, 6 or 8 d, followed by incubation for 1·5 h in 100ml of cell-culture media containing 10ml CCK-8 (Cell Counting
Kit-8; Dojindo Company). The absorbance value (optical density; OD) at 490 nm was measured using a microplate reader.

Table 3. Alkaline phosphatase (ALP; U/mg protein) activity among the different treatment groups§

(Mean values with their standard errors)

Treatment time (d)

2 4 6 8

Groups Mean SEM Mean SEM Mean SEM Mean SEM

Control 0·0139 0·0013 0·0174 0·0014 0·0265‡ 0·0019 0·0159 0·0015
Ca2þ(5 mM) 0·0309* 0·001 0·0402* 0·0013 0·0623*‡ 0·0015 0·0366* 0·0015
PTH 1–34 (1028

M) 0·0328* 0·001 0·0460* 0·0018 0·0693*‡ 0·00 147 0·0430* 0·0019
Ca2þþPTH 1–34 0·054**† 0·0017 0·0701**†† 0·00 172 0·1073**††‡‡ 0·0011 0·0688**†† 0·0017

Mean value was significantly different from that of the control group at the same time point: * P,0·05, ** P,0·01.
Mean value was significantly different from that of the high Ca2þ or exogenous PTH 1–34 treatment group at the same time point: † P,0·05, †† P,0·01.
Mean value was significantly different from that at day 2 of the same treatment group: ‡ P,0·05, ‡‡ P,0·01.
§ ALP activity was detected in the high Ca2þ, PTH 1–34 and high Ca2þ plus PTH 1–34 treatment groups. Osteoblasts were treated for 2, 4, 6 and 8 d, and

ALP activity was measured at 520 nm using a microplate reader.
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bone density in menopausal women(25,26). Our previous

animal studies have shown that BMD, bone volume and oste-

oblastic relative parameters were higher in mouse pups whose

mothers were fed high-Ca diets compared with those fed

a normal diet(15,27). Randomised clinical trials have demon-

strated that PTH can prevent the occurrence of osteoporotic

fracture in patients. Many animal studies have confirmed

that intermittent low doses of PTH significantly increase

bone density, cortical BM and biomechanical strength(28,29).

In the present study, we found that mouse tibial BMD

increased significantly compared with the normal diet group.

Although there were no differences between the high-Ca

diet and exogenous PTH treatment groups, this parameter

was obviously increased in the combined treatment group.

Histological analyses further confirmed that a high-Ca

diet and exogenous PTH 1–34 treatment can improve bone
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Fig. 5. Effects of the high-calcium diet and exogenous parathyroid hormone (PTH) on the expression levels of genes and proteins during mouse calvarial

osteoblast proliferation and differentiation in vitro. Real-time RT-PCR and Western blot analyses were performed on cell extracts from osteoblasts (third passage)

treated with vehicle (1·25 mM), calcium chloride (5 mM) or PTH 1–34 (1028
M) or calcium chloride (5 mM) plus PTH 1–34 (1028

M). Gene expression levels of

(a) type I collagen (Col-I), (b) alkaline phosphatase (Alp), (c) osteocalcin (Ocn), (d) Runt-related transcription factor 2 (Runx2) and (e) calcium-sensing receptor

(CaSR), as well as protein expression levels of (f, g) PTHR, (f, h) Runx2, (f, i) insulin-like growth factor 1 (IGF-1), (f, j) b-catenin and (f, k) Wnt-5a were deter-

mined, as described in the ‘Materials and methods’ section. The mRNA and protein expression levels were calculated relative to glyceraldehyde 3-phosphate

dehydrogenase (GAPDH) mRNA levels or b-actin protein levels, and expressed relative to the levels of wild-type mice. Values are means of five mice from each

genotype, with their standard errors represented by vertical bars. Mean value was significantly different from that of the vehicle-treated group: ** P,0·01,

*** P,0·001. Mean value was significantly different from that of the high Ca2þ or exogenous PTH 1–34 treatment group: †† P,0·01, ††† P,0·001.
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microstructures in adult mice, and increase trabecular bone

volume (BV:TV), consistent with the results of PIXImus detec-

tion. Again, there were no differences observed between the

high-Ca diet and exogenous PTH treatment groups, but

these parameters were increased in the combined treatment

group. These results suggest that either high-Ca diet or

exogenous PTH 1–34 treatment can increase adult mouse

bone density, bone volume and bone formation, and synergi-

stic effects in adult mouse bone density and bone volume

were observed in the combined treatment group.

In vivo and in vitro studies have shown that increased bone

formation is predominantly due to increased numbers of

osteoblasts, resulting in increased osteoblast proliferation

and differentiation(30–32). Dvorak et al.(33) suggested that the

effects of extracellular Ca ions on osteoblastic bone formation

are mediated through CaSR, and CaSR knockout in osteoblasts

reduced bone volume and diminished BMD. An in vitro

osteoblast culture study(8) has indicated that CaSR activation

can promote osteoblast proliferation, as well as promote

osteoblast differentiation and mineralisation. Moreover, high

concentrations of extracellular Ca2þ can increase osteoblast-

related gene expression and mineralised nodule formation.

In the present study, we also found that CaSR and osteoblastic

proliferation genes (Runx2, Alp, Col-I and Ocn) and proteins

(Runx2 and IGF-1) were highly expressed in mice fed the

high-Ca diet compared with those fed a normal diet. Studies
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Fig. 6. Effects of the high-calcium diet and exogenous parathyroid hormone (PTH) on extracellular signal-regulated kinase 1/2 (ERK1/2) phosphorylation and

thrombin receptor activator peptide 6 (TRPV-6) expression in osteoblasts and the effect of PD98059 on mouse calvarial osteoblast proliferation and differentiation,

and ERK 1/2 activation. (a) Calvarial osteoblasts from wild-type (WT) mice were treated with calcium chloride (5 mM) plus PTH 1–34 (1028
M) for 0 to 30 min and

cell lysates analysed for the activation of phosphorylated ERK (p-ERK) and total ERK (ERK). (b) p-ERK levels relative to total ERK levels were assessed using

densitometric analyses, and expressed relative to the levels of cells from WT mice treated for 0 min. (c) Western blot analyses of ERK-1/2, p-ERK1/2 and TRPV-6

from mouse calvarial osteoblasts (third passage) treated with vehicle (1·25 mM), calcium chloride (5 mM), PTH 1–34 (1028
M) or calcium chloride (5 mM) plus PTH

1–34 (1028
M) for 5 min. (d) p-ERK levels relative to total ERK levels were assessed using densitometric analyses and expressed relative to the levels of cells

from vehicle-treated cultures. (e) TRPV-6 levels relative to total ERK levels were assessed using densitometric analyses, and expressed relative to the levels of

cells from vehicle-treated cultures. (f) Cell viability, (g) alkaline phosphatase (ALP) activity, (h) Western blot and (i) p-ERK1/2 relative expression of mouse calvar-

ial osteoblasts treated with calcium chloride (5 mM) and PTH 1–34 (1028
M) for 5 min, or calcium chloride (5 mM) combined with PTH 1–34 (1028

M) for 5 min plus

pre-treatment with the ERK1/2 pathway blocker PD98059 (PD; 25mM) for 48 h. Mean value was significantly different from that of the vehicle-treated or unblocked

group: ** P,0·01, *** P,0·001. ††† Mean value was significantly different from that of the high Ca2þ or exogenous PTH 1–34 treatment group (P,0·001)

‡‡‡ Mean value was significantly different from that of the other time-treatment groups (P,0·001).
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have shown(34,35) that PTH functions in osteoblasts predomi-

nantly through PTHR to activate relevant signalling pathways

that inhibit osteoblast apoptosis, increase osteoblast number,

promote osteoblast differentiation and then stimulate bone

formation. Our recent studies have indicated that the skeletal

anabolic action of PTH in neonates results from its direct

action via the PTH receptor to activate protein kinase A and

phospholipase C signalling pathways and to increase the

osteoblast pool, as well as from its indirect action mediated

via PTH-induced increases in extracellular Ca concentrations,

which indirectly promotes bone formation mediated by

CaSR(15,27). In the present study, we found that osteoblast

number and relative receptor expression levels were up-regu-

lated and significantly higher in the combined treatment group

than in any of the single treatment groups. These results

suggest that high Ca (mediated by CaSR) and exogenous

PTH 1–34 (mediated by PTHR) can play a synergistic role in

up-regulating CaSR and PTHR expression, activating the rel-

evant signalling pathways, promoting osteoblast proliferation

and differentiation directly or indirectly, and ultimately pro-

moting bone formation collaboratively.

In the present study, we found that the number and surface of

osteoclasts and the Rankl:Opg mRNA ratio were significantly

decreased in mice fed the high-Ca diet, but were increased in

the PTH treatment group compared with mice fed a normal

diet. This difference may be attributed to the up-regulation of

blood Ca concentrations induced by a high-Ca diet that can

rapidly increase the intracellular Ca2þ concentration of mature

osteoclasts, leading to osteoclast shrinking and inhibition of

bone resorption(36). The up-regulation of CaSR induced by a

high-Ca diet can also lead to bone resorption(27). Intermittent

treatment with exogenous PTH can lead to instant increases in

the expression of RANKL, and stimulate osteoclast bone

resorption. Moreover, PTH also down-regulated the expression

of OPG, suggesting that PTH can promote osteoclast bone

absorption partly by increasing the Rankl:Opg ratio(37,38). Also,

we found that the number and surface of osteoclasts and the

Rankl:Opg mRNA ratio in the combined treatment group were

unchanged compared with the normal diet group. However,

these parameters were higher in the high-Ca diet treatment

group and lower in the PTH treatment group, relative to the

normal Ca group. These results indicate that a high-Ca diet

and exogenous PTH can play a cooperative role in regulating

bone resorption.

Using in vivo experiments, we have confirmed that a high-Ca

diet and exogenous PTH 1–34 stimulate bone formation alone,

and also have a cooperative role in regulating bone formation.

However, the molecular mechanism of a high-Ca diet and

exogenous PTH 1–34 combination influencing osteoblast

proliferation and differentiation remains unclear. The Wnt

signalling pathway plays an important role in bone cell function,

and can directly affect the differentiation process from

pluripotent progenitor cells to osteoblasts. Studies(39,40) have

found that PTH can increase osteoblast number by reducing

the activity of an antagonist for the Wnt signal transduction

pathway. Suzuki et al.(41) hypothesised that PTH can combine

with PTHR on the surface of osteoblasts to activate protein

kinase A signalling, indirectly increase Wnt signalling pathways,

and stimulate osteoblast proliferation and differentiation. In

addition, PTH can inhibit osteoblast apoptosis(42,43). Previous

studies have also found that activated IGF-1 participate in Wnt

signalling pathway activation, and stimulate osteoblast prolife-

ration and differentiation(44). The present study found that

b-catenin and Wnt5a expression in mouse calvarial osteoblasts

were increased in the combined treatment group, as well as in

either of the single treatment groups. However, no obvious

changes were observed between the two single treatment

groups. These results suggest that both high Ca and low-dose

intermittent PTH can up-regulate b-catenin and Wnt5a

expression directly or indirectly, to activate Wnt signalling

pathways. These proteins are more robustly up-regulated in

the combined treatment group and synergise to promote osteo-

blast proliferation and differentiation. However, the specific

molecular mechanism of this process remains unclear,

particularly regarding how high Ca and low-dose intermittent

PTH 1–34 synergise to activate Wnt signalling pathways, and

regulate osteoblast proliferation, differentiation, maturation

and function.

ERK is the earliest confirmed kinase in the MAPK pathway

that participates in the reaction of growth factors and extra-

cellular mitogens. Yamaguchi et al.(45) found that Ca ions

can activate the ERK/MAPK and p38/MAPK pathways through

CaSR in MC3T3 E1 cells. Recently, in vitro studies have found

that the high Ca-activated protein kinase (MAPK) pathway is

dependent on CaSR for the stimulation of mouse osteoblast

proliferation and differentiation(8). We found that ERK1/2

phosphorylation levels reached their highest levels after

5 min of treatment in each group, and then declined. These

results suggest that ERK1/2 phosphorylation may be time-

dependent after the high Ca and PTH treatments. We also

found that ERK1/2 phosphorylation decreased after the

PD98059 treatment, and blocked osteoblast viability and ALP

activity. Furthermore, high Ca and low-dose intermittent

PTH also increased TRPV-6 expression, which was signifi-

cantly higher in the combined treatment group than in any

of the single treatment groups. The up-regulation of TRPV-6

can promote relative receptor expression, thus accelerating

the influx and accumulation of extracellular Ca2þ. Finally,

the up-regulation of ERK1/2 phosphorylation promotes

osteoblastic gene expression, including Col-I, Alp and Ocn,

and stimulates osteoblast proliferation and differentiation.

In summary, on the basis of the present in vivo and in vitro

study, we report that high Ca and PTH can stimulate

osteoblast proliferation and differentiation, and stimulate

osteoblastic bone formation by up-regulating the expression

of CaSR, TRPV-6, PTHR and IGF-1, and activating MAPK and

Wnt signalling pathways. Furthermore, high Ca combined

with PTH plays a key synergised role in promoting

osteoblastic bone formation by these mechanisms.

Acknowledgements

The present study was supported by grants from the National

Natural Science Foundation of China (no. 81371970 to

Y. X. R.) and from the National Basic Research Program of

Y. Feng et al.920

B
ri

ti
sh

Jo
u
rn

al
o
f

N
u
tr

it
io

n
https://doi.org/10.1017/S0007114514004309  Published online by Cam

bridge U
niversity Press

https://doi.org/10.1017/S0007114514004309


China (2012CB966902 to D. S. M. and 2014CB942900 to Y. X. R.

and D. S. M.).

The authors thank Rong Wang, Jun Wu and Xichao Zhou for

their technical support and assistance.

The authors’ contributions are as follows: Y. X. R. conceived

and designed the experiments; Y. X. F., M. Z., Q. H. Z., H. L.,

Y. X., L. S. and J. Z. performed the experiments; Y. X. R.

and D. S. M. analysed the data; L. S. and J. Z. contributed

the reagents, materials and tools for the analysis; Y. X. R.

and Y. X. F wrote the paper.

The authors declare that they have no conflicts of interest.

References

1. Karaplis AC & Goltzman D (2000) PTH and PTHrP effects
on the skeleton. Rev Endocr Metab Disord 1, 331–341.

2. Ishizuya T (2012) [Effects of parathyroid hormone on bone
metabolism: differences between intermittent and continu-
ous treatment]. Clin Calcium 22, 357–363 (In Japanese).

3. Khosla S, Westendorf JJ & Oursler MJ (2008) Building bone
to reverse osteoporosis and repair fractures. J Clin Invest
118, 421–428.

4. Madore GR, Sherman PJ & Lane JM (2004) Parathyroid
hormone. J Am Acad Orthop Surg 12, 67–71.

5. Shen V, Dempster DW, Birchman R, et al. (1993) Loss of
cancellous bone mass and connectivity in ovariectomized
rats can be restored by combined treatment with parathyroid
hormone and estradiol. J Clin Invest 91, 2479–2487.

6. Cosman F, Nieves J, Woelfert L, et al. (2001) Parathyroid
hormone added to established hormone therapy: effects
on vertebral fracture and maintenance of bone mass after
parathyroid hormone withdrawal. J Bone Miner Res 16,
925–931.

7. Lorget F, Kamel S, Mentaverri R, et al. (2000) High extra-
cellular calcium concentrations directly stimulate osteoclast
apoptosis. Biochem Biophys Res Commun 268, 899–903.

8. Dvorak MM, Siddiqua A, Ward DT, et al. (2004) Physiological
changes in extracellular calcium concentration directly
control osteoblast function in the absence of calciotropic
hormones. Proc Natl Acad Sci U S A 101, 5140–5145.

9. Yamaguchi T, Chattopadhyay N, Kifor O, et al. (1998) Mouse
osteoblastic cell line (MC3T3-E1) expresses extracellular
calcium (Ca2þo)-sensing receptor and its agonists stimulate
chemotaxis and proliferation of MC3T3-E1 cells. J Bone
Miner Res 13, 1530–1538.

10. Panda DK, Miao D, Bolivar I, et al. (2004) Inactivation of the
25-hydroxyvitamin D 1a-hydroxylase and vitamin D recep-
tor demonstrates independent and interdependent effects
of calcium and vitamin D on skeletal and mineral homeo-
stasis. J Biol Chem 279, 16754–16766.

11. Miao D, He B, Karaplis AC, et al. (2002) Parathyroid
hormone is essential for normal fetal bone formation. J Clin
Invest 109, 1173–1182.

12. Miao D, He B, Lanske B, et al. (2004) Skeletal abnormalities
in Pth-null mice are influenced by dietary calcium. Endocrin-
ology 145, 2046–2053.

13. Xue Y, Karaplis AC, Hendy GN, et al. (2005) Genetic models
show that parathyroid hormone and 1,25-dihydroxyvitamin
D3 play distinct and synergistic roles in postnatal mineral
ion homeostasis and skeletal development. Hum Mol
Genet 14, 1515–1528.

14. Xue Y, Zhang Z, Karaplis AC, et al. (2005) Exogenous PTH-
related protein and PTH improve mineral and skeletal status

in 25-hydroxyvitamin D-1a-hydroxylase and PTH double
knockout mice. J Bone Miner Res 20, 1766–1777.

15. Cao G, Gu Z, Ren Y, et al. (2009) Parathyroid hormone con-
tributes to regulating milk calcium content and modulates
neonatal bone formation cooperatively with calcium.
Endocrinology 150, 561–569.

16. Xue Y, Karaplis AC, Hendy GN, et al. (2006) Exogenous 1,25-
dihydroxyvitamin D3 exerts a skeletal anabolic effect and
improves mineral ion homeostasis in mice that are homozy-
gous for both the 1a-hydroxylase and parathyroid hormone
null alleles. Endocrinology 147, 4801–4810.

17. Miao D, Bai X, Panda D, et al. (2001) Osteomalacia in hyp
mice is associated with abnormal phex expression and
with altered bone matrix protein expression and deposition.
Endocrinology 142, 926–939.

18. Lopez-De Leon A & Rojkind M (1985) A simple micromethod
for collagen and total protein determination in formalin-
fixed paraffin-embedded sections. J Histochem Cytochem
33, 737–743.

19. Miao D & Scutt A (2002) Histochemical localization of alka-
line phosphatase activity in decalcified bone and cartilage.
J Histochem Cytochem 50, 333–340.

20. Miao D & Scutt A (2002) Recruitment, augmentation
and apoptosis of rat osteoclasts in 1,25-(OH)2D3 response
to short-term treatment with 1,25-dihydroxyvitamin D3

in vivo. BMC Musculoskelet Disord 3, 16.
21. Miao D, Li J, Xue Y, et al. (2004) Parathyroid hormone-

related peptide is required for increased trabecular bone
volume in parathyroid hormone-null mice. Endocrinology
145, 3554–3562.

22. Liu H, Guo J, Wang L, et al. (2009) Distinctive anabolic roles
of 1,25-dihydroxyvitamin D(3) and parathyroid hormone in
teeth and mandible versus long bones. J Endocrinol 203,
203–213.

23. Mansukhani A, Bellosta P, Sahni M, et al. (2000) Signaling by
fibroblast growth factors (FGF) and fibroblast growth factor
receptor 2 (FGFR2)-activating mutations blocks mineraliz-
ation and induces apoptosis in osteoblasts. J Cell Biol 149,
1297–1308.

24. Souvannavong V, Lemaire C, De Nay D, et al. (1995)
Expression of alkaline phosphatase by a B-cell hybri-
doma and its modulation during cell growth and apoptosis.
Immunol Lett 47, 163–170.

25. Ricci TA, Chowdhury HA, Heymsfield SB, et al. (1998)
Calcium supplementation suppresses bone turnover during
weight reduction in postmenopausal women. J Bone Miner
Res 13, 1045–1050.

26. Aloia JF, Dhaliwal R, Shieh A, et al. (2013) Calcium and
vitamin D supplementation in postmenopausal women.
J Clin Endocrinol Metab 98, E1702–E1709.

27. Shu L, Ji J, Zhu Q, et al. (2011) The calcium-sensing receptor
mediates bone turnover induced by dietary calcium and
parathyroid hormone in neonates. J Bone Miner Res 26,
1057–1071.

28. Oxlund H, Ejersted C, Andreassen TT, et al. (1993) Para-
thyroid hormone (1–34) and (1–84) stimulate cortical
bone formation both from periosteum and endosteum.
Calcif Tissue Int 53, 394–399.

29. Wronski TJ, Yen CF, Qi H, et al. (1993) Parathyroid hormone
is more effective than estrogen or bisphosphonates for
restoration of lost bone mass in ovariectomized rats.
Endocrinology 132, 823–831.

30. Datta NS, Pettway GJ, Chen C, et al. (2007) Cyclin D1 as a
target for the proliferative effects of PTH and PTHrP in
early osteoblastic cells. J Bone Miner Res 22, 951–964.

Dietary calcium and bone formation in mice 921

B
ri

ti
sh

Jo
u
rn

al
o
f

N
u
tr

it
io

n
https://doi.org/10.1017/S0007114514004309  Published online by Cam

bridge U
niversity Press

https://doi.org/10.1017/S0007114514004309


31. Partridge NC, Li X & Qin L (2006) Understanding parathyroid
hormone action. Ann N Y Acad Sci 1068, 187–193.

32. Pettway GJ, Meganck JA, Koh AJ, et al. (2008) Parathyroid
hormone mediates bone growth through the regulation
of osteoblast proliferation and differentiation. Bone 42,
806–818.

33. Dvorak MM, Chen TH, Orwoll B, et al. (2007) Constitutive
activity of the osteoblast Ca2þ-sensing receptor promotes
loss of cancellous bone. Endocrinology 148, 3156–3163.

34. O’Brien CA, Plotkin LI, Galli C, et al. (2008) Control of
bone mass and remodeling by PTH receptor signaling in
osteocytes. PLoS ONE 3, e2942.

35. Datta NS & Abou-Samra AB (2009) PTH and PTHrP signaling
in osteoblasts. Cell Signal 21, 1245–1254.

36. Moonga BS, Moss DW, Patchell A, et al. (1990) Intracellular
regulation of enzyme secretion from rat osteoclasts and
evidence for a functional role in bone resorption. J Physiol
429, 29–45.

37. Kanzawa M, Sugimoto T, Kanatani M, et al. (2000)
Involvement of osteoprotegerin/osteoclastogenesis inhibi-
tory factor in the stimulation of osteoclast formation by
parathyroid hormone in mouse bone cells. Eur J Endocrinol
142, 661–664.

38. Buxton EC,YaoW & Lane NE (2004) Changes in serum receptor
activator of nuclear factor-kB ligand, osteoprotegerin, and
interleukin-6 levels in patients with glucocorticoid-induced
osteoporosis treated with human parathyroid hormone
(1–34). J Clin Endocrinol Metab 89, 3332–3336.

39. Almeida M, Han L, Bellido T, et al. (2005) Wnt proteins pre-
vent apoptosis of both uncommitted osteoblast progenitors
and differentiated osteoblasts by b-catenin-dependent and
-independent signaling cascades involving Src/ERK and
phosphatidylinositol 3-kinase/AKT. J Biol Chem 280,
41342–41351.

40. Krishnan V, Bryant HU & Macdougald OA (2006)
Regulation of bone mass by Wnt signaling. J Clin Invest
116, 1202–1209.

41. Suzuki A, Ozono K, Kubota T, et al. (2008) PTH/cAMP/PKA
signaling facilitates canonical Wnt signaling via inactivation
of glycogen synthase kinase-3b in osteoblastic Saos-2 cells.
J Cell Biochem 104, 304–317.

42. Kakar S, Einhorn TA, Vora S, et al. (2007) Enhanced
chondrogenesis and Wnt signaling in PTH-treated fractures.
J Bone Miner Res 22, 1903–1912.

43. Sutherland MK, Geoghegan JC, Yu C, et al. (2004) Sclerostin
promotes the apoptosis of human osteoblastic cells: a novel
regulation of bone formation. Bone 35, 828–835.

44. Toulis KA, Anastasilakis AD, Polyzos SA, et al. (2011)
Targeting the osteoblast: approved and experimental
anabolic agents for the treatment of osteoporosis. Hormones
(Athens) 10, 174–195.

45. Yamaguchi T, ChattopadhyayN, KiforO, et al. (2000)Activation
of p42/44 and p38 mitogen-activated protein kinases by extra-
cellular calcium-sensing receptor agonists induces mitogenic
responses in the mouse osteoblastic MC3T3-E1 cell line.
Biochem Biophys Res Commun 279, 363–368.

Y. Feng et al.922

B
ri

ti
sh

Jo
u
rn

al
o
f

N
u
tr

it
io

n
https://doi.org/10.1017/S0007114514004309  Published online by Cam

bridge U
niversity Press

https://doi.org/10.1017/S0007114514004309

