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BACKGROUND AND PURPOSE

Current data suggest that parathyroid hormone (PTH)-related peptide (PTHrP) domains other than the N-terminal PTH-like
domain contribute to its role as an endogenous bone anabolic factor. PTHrP-107-139 inhibits bone resorption, a fact which
has precluded an unequivocal demonstration of its possible anabolic action in vivo. We thus sought to characterize the
osteogenic effects of this peptide using a mouse model of diabetic low-turnover osteopaenia.

EXPERIMENTAL APPROACH

PTHrP-107-139 was administered to streptozotocin-induced diabetic mice, with or without bone marrow ablation, for 13
days. Osteopaenia was confirmed by dual-energy X-ray absorptiometry and microcomputed tomography analysis. Histological
analysis was performed on paraffin-embedded bone tissue sections by haematoxylin/eosin and Masson’s staining, and
tartrate-resistent acid phosphatase immunohistochemistry. Mouse bone marrow stromal cells and osteoblastic MC3T3-E1 cells
were cultured in normal and/or high glucose (HG) medium. Osteogenic and adipogenic markers were assessed by real-time
PCR, and PTHrP and the PTH; receptor protein expression by Western blot analysis.

KEY RESULTS

PTHrP-107-139 reversed the alterations in bone structure and osteoblast function, and also promoted bone healing after
marrow ablation without affecting the number of osteoclast-like cells in diabetic mice. This peptide also reversed the
high-glucose-induced changes in osteogenic differentiation in both bone marrow stromal cells and the more differentiated
MC3T3-E1 cells.

CONCLUSIONS AND IMPLICATIONS
These findings demonstrate that PTHrP-107-139 promotes bone formation in diabetic mice. This mouse model and in vitro
cell cultures allowed us to identify various anabolic effects of this peptide in this scenario.

Abbreviations

uCT, microcomputed tomography; ALP, alkaline phosphatase; BMC, bone marrow cells; BMD, bone mineral density;
DXA, dual-energy X-ray absorptiometry; FABP, adipocyte fatty acid-binding protein; NLS, nuclear localization signal;
OC, osteocalcin; OPG, osteoprotegerin; PPARY2, peroxisome proliferator-activated receptor; PTH, parathyroid hormone;
PTHrP, parathyroid hormone-related protein; PTH;R, parathyroid hormone receptor 1; STZ, streptozotozin; TNFRSF11A,
receptor activator of nuclear factor-xf ligand; TRAP, tartrate-resistant acid phosphatase; VEGF, vascular endothelial
growth factor
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Introduction

Parathyroid hormone (PTH)-related peptide (PTHrP) is abun-
dant in bone where it seems to act as an important modulator
of bone development and bone remodelling (Bisello et al.,
2004; Martin, 2005). The N-terminal domain of PTHrP inter-
acts with the PTH, receptor (PTH;R) in osteoblasts (Dean
et al., 2008). As shown to be the case with PTH, this domain
is anabolic for bone when administered in an intermittent
manner (Rouffet etal., 1994; Stewart et al., 2000; Horwitz
etal., 2003; Goltzman, 2008; Lozano et al., 2009). In addi-
tion, recent studies strongly suggest that PTHrP domains
other than its N-terminal domain might contribute to the
PTHrP role(s) in bone. Hence, knock-in mice expressing a
truncated form of PTHrP with an intact N-terminal domain
but missing both the mid-region [containing the nuclear
localization signal (NLS)] and the C-terminal region display
premature osteoporosis related to a decrease in bone forma-
tion (Miao et al., 2008; Toribio et al., 2010). These studies
demonstrate that the NLS and the C-terminus of PTHrP are
crucial for the osteogenic commitment and survival of bone
marrow cell precursors. In the same line, a recent in vitro
study using specific blockade of the latter domains of PTHrP-
1-141 supports the idea that the osteogenic action of this
protein is not restricted to its N-terminus (Hildreth efal.,
2010). However, these experimental approaches do not allow
the assignment of these osteogenic effects to either the NLS or
the C-terminal domain of PTHrP. Of note in this regard, the
C-terminal domain of PTHrP has been shown to be essential
for the mitogenic effect induced by the NLS domain in vas-
cular smooth muscle cells (de Miguel et al., 2001). The possi-
bility that such an interaction between both PTHrP domains
might modulate bone formation to explain the skeletal phe-
notype in the aforementioned knock-in mice (Miao et al.,
2008) is presently unclear.

Results from both in vitro and in vivo studies strongly
suggest that the native C-terminal PTHrP-107-139 fragment
can inhibit osteoclast-mediated bone resorption by direct
interaction with osteoclasts (Fenton et al., 1991b; Cornish
et al., 1997). Possible reasons for some inconsistent results in
this respect by some investigators (Mutrrills et al., 1995) have
been attributed to the use of different experimental settings
with various osteoclastic cell preparations, as critically dis-
cussed by Cornish et al. (1997). The bulk of in vitro studies now
indicate that this PTHrP fragment can also directly stimulate
osteoblast growth and/or differentiation (Cornish et al., 1999;
Valin et al., 2001; Guillén et al., 2002; de Gortazar et al., 2006;
Alonso et al., 2008). Some studies have suggested that the
N-terminal pentapeptide (osteostatin) might account for at
least some of these effects of PTHrP-107-139 in bone cells,
through an interaction with an as yet uncharacterized recep-
tor (Fenton et al., 1991a; Cornish et al., 1999; Cuthbertson
et al., 1999 Valin et al., 2001; Lozano et al., 2010). We recently
reported that PTHrP-107-139 reversed at least in part the
deleterious effects of 3-methylprednisolone on bone forma-
tion in mice (de Castro et al., 2010). However, neither of the
aforementioned findings rules out a putative involvement of
bone resorption inhibition in the observed osteogenic effects
of this C-terminal PTHrP domain. Hence, current data do not
unequivocally establish the role of PTHrP-107-139 as a bone
anabolic factor that can promote bone formation in vivo.

C-terminal PTHrP is anabolic for diabetic bone

Studies in humans and rodents demonstrate that a low
bone mineral density (BMD) occurs in type 1 diabetes melli-
tus, associated with decreased bone formation by ill-defined
mechanisms. In addition, the results from most of these
studies evaluating osteoclast activity by histology and/or
bone turnover markers strongly suggest that bone resorption
is also suppressed in this type of diabetes (Inzerillo and
Epstein, 2004; Hamada et al., 2007; Hofbauer et al., 2007;
McCabe, 2007; Silva et al., 2009). Therefore, in contrast to
type 2 diabetic states in which a deterioration of bone integ-
rity is apparently related to decreased bone formation and
increased osteoclastogenesis (Inzerillo and Epstein, 2004;
Kawashima et al., 2009; Nuche-Berenguer et al., 2009; 2010),
type 1 diabetes-related osteopaenia exhibits features consis-
tent with a low bone turnover. We recently identified PTHrP
down-regulation as an underlying mechanism contributing
to osteopaenia in streptozotozin (STZ)-induced type 1 dia-
betic mice (Lozano et al., 2009). On the other hand, recent
studies in noninsulin-dependent diabetic patients showed
higher circulating PTHrP levels which directly correlate with
glycaemia and calcaemia, as compared with control subjects
(Suzuki et al., 2000; Legakis and Mantouridis, 2009). The true
roles of the various forms of PTHrP in states of osteopaenia,
such as occurs in diabetes, require further investigation.

Here, we aimed to assess the efficacy of PTHrP-107-139 in
preventing bone loss and promoting bone regeneration in
well-characterized STZ-induced diabetic mice exhibiting low
bone turnover (Botolin et al., 2005; Hamada et al., 2007).
Using these mice as well as an in vitro approach, we designed
this study to disclose the effects of this C-terminal PTHrP
domain on bone formation, independently of its reported
osteoclast inhibitory action.

Methods

Diabetic mouse model

Male CD-1 mice (11 weeks old) from Harlan Laboratories
(Harlan Interfauna Ibérica, Barcelona, Spain) were stabilized
in the Animal Research Facility at Fundacion Jiménez Diaz for
2 weeks. Animals were then weighed, and injected i.p. with
STZ (45 pg-g' body weight in 50 mM sodium citrate buffer,
pH 4.5) or buffer alone (controls) for 5 days. Seven days after
the last injection, non-fasting glucose was tested in blood
drawn from the mouse tail using a glucometer (Glucocard
G = meter, A. Menarini Diagnostics, Firenze, Italy). Experi-
mental procedures were started 2 weeks after confirmation of
diabetes (blood glucose >3 g-L"). Animals were allowed free
access to water and fed a standard diet (8.8 g-Kg™' calcium and
5.9 g-Kg' phosphate; Panlab, Reus, Spain) in a room main-
tained at 22°C on 12 h light/12 h dark cycles.

At the beginning of the study, mice were randomly
divided into three groups: control mice (n = 5) and two
groups of diabetic mice, which were administered PTHrP-107-
139 (100 pg-Kg'every other day, s.c.) (n = 5) or vehicle
(50 mM KClI, pH 4.5) (n = 10) for 13 days. On day 8 of this
treatment, mice were anaesthetized with ketamine/xylazine
(2:1, v-v'!), and bone marrow ablation was performed in both
tibiae as described previously (Lozano et al., 2009). On day
14, 24 h after the last injection of PTHrP-107-139 or its
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vehicle, all mice were killed by cervical dislocation. The
ablated tibiae and intact femurs from each animal were har-
vested and freed from soft tissues. Both tibiae and one femur
were assigned to histological evaluation and/or total RNA
extraction, and the other femur was sent to Trabeculae®,
Empresa de Base Tecnoldgica, S.L., for microcomputed
tomography (uCT) evaluation.

Two other groups of diabetic mice, treated or not with
PTHrP-107-139 as above but not undergoing bone marrow
ablation, and a group of control mice (n = 5 per experimental
group) were assigned to bone marrow cell (BMC) cultures as
described below. Studies were performed with the approval of
the Institutional Animal Care and Use Committee at Fun-
daci6on Jiménez Diaz, according to the European Union
guidelines.

Histological analysis

One ablated tibia was fixed in 4% p-formaldehyde in
phosphate-buffered saline and subsequently decalcified in
Mielodec (Bio-Optica, Milan, Italy), dehydrated and embed-
ded in paraffin. Histological analysis was carried out by
haematoxylin/eosin and Masson’s staining of two sagittal
4 um sections from each mouse in five mice per experimental
group. The % area of each examined field containing connec-
tive tissue and the number of osteoblasts (cuboidal cells on
newly formed bone and endosteal surfaces) were assessed
within an ablated 2.8 mm? area from the growth plate using
Image-Pro Plus 5.0 (Media Cybernetics, Silver-Spring, MD,
USA). Blood vessels were identified in this area by the pres-
ence of red blood cells in their lumen, and confirmed with
lectin staining (Lozano et al., 2009; de Castro et al., 2010).
Adipocytes were identified as unstained round spaces within
the marrow in an area between mid-diaphysis and distal
metaphysis and quantified.

Tartrate-resistant acid phosphatase (TRAP) was detected in
bone tissue samples by immunohistochemistry using a spe-
cific rabbit polyclonal antibody (HO0000054-D0O1P, Abnova,
Jhongli City, Taiwan), as recently described (de Castro et al.,
2010). TRAP staining has been traditionally used as a marker
for mature polynucleated osteoclasts (Jia ef al., 2006; Kim
et al., 2006; de Castro etal., 2010), but it has also been
detected in mononuclear phagocytes including osteoclast
precursors in the bone marrow (Connor et al., 1995; Hayman
et al., 2001). Polynuclear osteoclast-like cells (with three or
more nuclei) and mononuclear cells showing TRAP positivity
were identified and counted in the same regenerating area
used to evaluate the number of osteoblasts at the proximal
methaphysis, using the same magnification (x400). Evalua-
tions were performed by three independent observers in a
blinded fashion, and the corresponding mean score value was
obtained for each mouse.

Dual-energy X-ray absorptiometry (DXA)

and uCT analysis

Bone mineral density (BMD) and bone mineral content (BMC)
of one intact femur were measured in anaesthetized control
and diabetic mice at the start of the study and at the end of
PTHrP-107-139 (or vehicle) treatment by DXA using PIXImus
(GE Lunar Corp., Madison, W1, USA) (Lozano et al., 2009). The
other femur was scanned with a high-resolution microtomo-
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graphic system (SkyScan 1172, Skyscan N.V., Aartselaar,
Belgium) at Trabeculae®. The three-dimensional microstruc-
tural properties of the trabecular bone region of interest in the
metaphysis were assessed by using SkyScan™ CT-analyzer
software, version 1.7.0.5 (de Castro et al., 2010). The following
parameters were calculated: % bone volume, bone surface,
trabecular thickness, trabecular number, structure model
index, trabecular bone pattern factor and degree of anisotropy.

Cell culture studies

Bone marrow stromal cells (BMSCs) were prepared from
intact mouse tibiae and femurs following a previously pub-
lished protocol (Lozano et al., 2009; de Castro et al., 2010).
BMSCs in o-minimum essential medium (o-MEM) containing
15% FBS, 1% penicillin-streptomycin and 2.5 pg-mL™ fungi-
zone were seeded at 1-2.5 x 10° cells-cm™ onto six-well plates
in 5% CO, at 37°C. Osteogenic medium (the aforementioned
medium with 50 ug-mL™? ascorbic acid and 10 mM
B-glycerophosphate) was added at day 3. Half of the volume
of the cell-conditioned medium was exchanged every other
day. On day 15, cell colonies were fixed with 75% ethanol,
and stained for alkaline phosphatase (ALP) activity using
naphtyl AS-MX phosphate as substrate and fast blue salt as
the coupling chromogen. Total cell number was assessed with
crystal violet stain, eluted with 0.2% Triton X-100 and mea-
suring absorbance at 540 nm. Matrix mineralization was
determined at day 21 of culture by staining with 40 mM
alizarin red S, pH 4.2, for 10 min. Area containing ALP+
colonies and mineralized nodules were quantified using Pho-
toshop cs 8.0.1. (Adobe Systems Inc., San Jose, CA, USA) The
diameter of ALP+ colonies was also determined.

BMSCs from control mice (17 = 8) were grown onto six-well
plates in osteogenic or adipogenic (a-MEM, 15% FBS, 1%
penicillin-streptomycin and 2.5 ug'mL™ troglizatone)
medium with normal (5.5 mM) or high glucose (25 mM), in
the presence or absence of PTHrP-107-139 (100 nM) for the
first 6 h of each consecutive 48 h incubation cycle or con-
tinuously for 15 or 21 days. Culture medium was replaced
every 48 h. On day 15, total cell RNA was extracted (see
below) and total and ALP+ colonies were evaluated as
described above. Adipocyte formation was determined in
4%-formaldehyde- fixed cells after Oil Red-O staining. Oil
Red-O reagent was prepared by diluting a stock solution
(0.3 g of Oil Red-O in 100 mL of isopropanol) with distilled
water (6:4, v-v'') followed by filtration. The number of
formed adipocytes was counted in six fields within each plate
well under microscope, and the mean was calculated to yield
the number of adipocytes per field. Matrix mineralization was
assessed on day 21, as described above.

Mouse osteoblastic MC3T3-E1 cells (kindly provided by C.
Zaragoza, PhD., Centro Nacional de Investigaciones Cardi-
oldgicas, Madrid, Spain) were plated at 20 000 cells-cm™
and grown in o-MEM with 10% FBS and 1% penicillin-
streptomycin with the differentiation-promoting supple-
ments as described above for 5 days, with or without high
glucose (25 mM) (or manitol as osmotic control), supple-
mented (or not) with the test PTHrP peptides. In some experi-
ments, neutralizing rabbit polyclonal antiserum C7
recognizing the osteostatin epitope in PTHrP (107-139) (Valin
etal., 1997) at 1:100 dilution, the PTH;R antagonist, [Asn'’,
Leu', D-Trp'?] PTHrP-7-34 amide [PTHrP-7-34] at 1 uM or



PTHrP-109-138 at 100 nM, were added to normal glucose
medium. Medium and different stimuli were replaced every
other day.

Real-time PCR

Total RNA was extracted from bone samples, which were
crushed under liquid nitrogen and cell cultures (48 h after the
last treatment with stimuli) by using Trizol (Invitrogen,
Groningen, the Netherlands). cDNA synthesis was performed
using avian myeloblastosis virus reverse transcriptase
(Promega, Madison, WI, USA) with random hexamer primers,
and real-time PCR was carried out in an ABI PRISM 7500
system (Applied Biosystems, Foster City, CA, USA). Unla-
belled mouse-specific primers for: Runx2, osterix, osteocalcin
(OC), PTH,R, osteoprotegerin (OPG) and receptor activator of
a nuclear factor-xf} ligand (TNFRSF11A) (osteoblastic genes);
peroxisome proliferator-activated receptor (PPARy2) and adi-
pocyte fatty acid-binding protein (FABP4) (adipocyte genes);
and vascular endothelial growth factor (VEGF) and its recep-
tors (VEGFR-1 and -2), and TagMan MGB probes were
obtained by Assay-by-Design®™ (Applied Biosystems). Results
are expressed in mRNA copy numbers, calculated for each
sample using the cycle threshold (Ct) value and normalized
against 18S rRNA.

Western blot analysis

MC3T3-E1 cell extracts were obtained in lysis buffer (50 mM
Tris-HCI, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton
X-100, 1% sodium deoxycholate, and 0.1% SDS, 1 mM phe-
nylmethylsulphonylfluoride and 0.8 uM aprotinin). Protein
content was determined by Bradford’s method (Pierce, Rock-
ford, IL, USA), using bovine serum albumin as standard. Cell
protein extracts (50 pug protein) were transferred onto nitro-
cellulose membranes (GE Healthcare, Buckinghamshire, UK),
blocked with 5% defatted milk in 50 mM Tris-HCI, pH 7.5,
150 mM NaCl with 0.05% Tween-20, and then incubated
overnight at 4°C with either rabbit polyclonal antibody to
PTH R (Ab-1V, Covance, Berkeley, CA, USA) at 1:1000 dilu-
tion, or rabbit polyclonal anti-PTHrP antiserum C6 at 1:2500

Table 1

C-terminal PTHrP is anabolic for diabetic bone

dilution (Izquierdo et al., 2006). The membranes were subse-
quently incubated with peroxidase-conjugated goat anti-
rabbit antibody for 1 h at room temperature. As a loading
control, an anti-B-actin antibody was used. Bands were devel-
oped by ECL chemiluminiscence (GE Healthcare), and fluo-
rogram bands were quantified by densitometry.

We followed the drug/molecular target nomenclature
guidelines according to Alexander et al. (2009) throughout
the text.

Statistical analysis

All of the data are expressed as mean = SEM. Comparisons
were performed by Kruskal-Wallis non-parametric analysis of
variance followed by Dunn’s post hoc test or Mann-Whitney
test, as appropriate. P < 0.05 was considered significant.

Results

PTHrP-107-139 administration reverses the
alterations in bone mass, trabecular structure
and bone-related genes in the diabetic

mouse femur

As expected, at the end of the period of study, STZ-injected
mice were hyperglycaemic (5170 = 10 mg-L™" vs. 1230 *
30 mg-L" in controls; P < 0.01), and showed a significant
decrease in body weight as compared with control mice (38.4
+ 0.8 vs. 43.2 = 1.2 in the control group; P < 0.05) (mean =
SEM). In addition, BMD and BMC values were significantly
lower in the femur of diabetic mice than in their controls
(Figure 1A). Furthermore, pCT analysis showed that % bone
volume, bone surface, trabecular thickness and trabecular
number were all decreased in the femoral metaphysis of the
diabetic animals, as compared with their controls (Table 1).
Moreover, degree of anisotropy and structure model index,
representing a measurement of preferential alignment of tra-
becular structures and surface convexity, respectively, and
trabecular bone pattern factor, an estimation of trabecular

Trabecular bone structure parameters in the femur metaphysis from control and diabetic mice, treated or not with parathyroid hormone-related

protein (PTHrP)-107-139

Diabetic +

Control
BV/TV (%) 16.85 + 0.62
BS (mm?) 65.41 = 3.85
Tb.Th (mm) 0.071 = 0.003
Tb.N (mm™) 2.66 = 0.11
Tb.Pf (mm™) 15.05 + 0.39
SMiI 1.62 = 0.02
DA 3.50 = 0.25

Diabetic PTHrP-107-139
10.25 + 0.90* 12.43 + 1.00%**
42.24 + 4.1** 51.93 + 4.55%**
0.060 = 0.001** 0.060 *= 0.003
1.54 = 0.16** 2.43 £ 0.18***
24.29 + 1.69** 20.07 + 1.07***
2.12 = 0.05* 1.81 + 0.05%**
2.37 = 0.14* 2.75 = 0.03***

BS, bone surface; BV/TV, trabecular bone volume/tissue volume; DA, degree of anisotropy; SMI, structure model index; Th.N, trabecular
number; Tb.Pf, trabecular bone pattern factor; Tb.Th, trabecular thickness. Values are mean = SEM of five animals per group.

*P < 0.05; **P < 0.01 versus control; ***P < 0.05 versus diabetic.
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Figure 1

Bone mineral density (BMD) and bone marrow cells (BMC) values (A) and representative microcomputed tomography images of trabecular areas
of the intact distal femur (B) in control and diabetic mice, treated or untreated with parathyroid hormone-related protein (PTHrP)-107-139 as
described in the text. (C) Changes in the gene expression of several bone-related factors (assessed by real-time PCR) in the intact femur from these
mice. Results are mean * SEM of five control mice and 15 diabetic mice; five of the latter were treated with the PTHrP peptide. *P < 0.05 versus
corresponding control value; **P < 0.05 versus corresponding diabetic value. OPG, osteoprotegerin; OSX, osterix; PPARY2, peroxisome proliferator-
activated receptor; TNFRSF11A, receptor activator of nuclear factor-xf ligand; VEGF, vascular endothelial growth factor.

connectivity, were also significantly altered at this bone site bone structure in these animals (Figure 1A and B and Table 1).
in diabetic mice (Table 1). Alterations in the distal femoral Consistent with these findings, PTHrP-107-139 administra-
metaphysis of these mice are clearly depicted by uCT images tion also induced significant changes in several bone genes
(Figure 1B). Treatment with PTHrP-107-139 was shown to promoting osteogenesis in the intact femur of diabetic mice
reverse, at least in part, these diabetes-related changes in (Figure 1C).
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Treatment with PTHrP-107-139 promotes
bone regeneration after marrow ablation in
diabetic mice

We also examined whether administration of PTHrP-107-139
might induce intramembranous bone formation following
marrow ablation in the tibia of diabetic mice, a process that is
hampered in this setting (Lu et al., 2003). We found that the
diabetes-related decrease in both regenerating bone forma-
tion and osteoblast number in the mouse tibial metaphysis
was reversed by PTHrP-107-139 (Figure 2A and B). In con-
trast, this peptide failed to modify the reduced number
of polynucleated TRAP-positive osteoclast-like cells at the
expense of more mononuclear TRAP-positive cells in this
diabetic model (Figure 2D). On the other hand, PTHrP-107-
139 administration prevented the increase in the number
of adipocytes in the regenerating tibia from diabetic mice
(Figure 3A). Consistent with these histological changes,
this peptide also reversed the diabetes-related decrease in
the expression of several osteoblastic differentiation genes
(Figure 2C) and the increase in FABP4 and PPARy2 gene
expression (Figure 3B). This was associated with an accompa-
nying stimulating effect of PTHrP-107-139 on both the
number of blood vessels and the VEGF system in the regen-
erating mouse tibia (Figure 3C and D).

PTHrP-107-139 exerts osteogenic effects in
vivo and in vitro in mouse BMSCs

in a diabetic setting

These observed osteogenic effects of PTHrP-107-139 in vivo
were further confirmed using ex vivo BMSC cultures. In vivo
administration of this peptide was found to reverse, at least in
part, the decrease in ALP+ area (Figure 4A) and the abundance
of small ALP+ colonies (Figure 4B), related to a diminished
total colony formation (Figure 4C), and diminished area
of mineralized nodules (Figure 4D) in BMSCs from diabetic
mice as compared with those from controls. Furthermore,
we evaluated whether PTHrP-107-139 treatment in vitro of
control mouse BMSCs grown in a high-glucose environment
also exhibited these bone anabolic features. We found that
PTHrP-107-139, at 100 nM, reversed the deleterious changes
induced by high glucose in total colony formation and osteo-
genic differentiation (based on ALP+ colony formation and
mineralization) in these cell cultures (Figure SA-D). This
peptide treatment also reversed the changes in the expression
of osteoblast (Runx2, OC and PTH;R) and adipocyte (FABP4
and PPARy2) differentiation markers triggered by high glucose
in these cultures (Figure 6A). Moreover, the adipogenesis-
promoting effect of high glucose, as observed by growing
BMSCs in an adipogenic medium, was significantly inhibited
by PTHrP-107-139 (Figure 6B). Interestingly, 6 h intermittent
exposure of these cells to this peptide was similarly effective
in this respect (Figures 5 and 6).

PTHrP-107-139 increases osteoblast
maturation in mouse MC3T3-E1 cells

We previously reported that high glucose, through an
osmotic stress-dependent mechanism, decreases osteoblastic
maturation in MC3T3-E1 cells (Lozano et al., 2009), repre-
senting a more differentiated osteoblastic phenotype than

C-terminal PTHrP is anabolic for diabetic bone

BMCs (Chen etal., 2002, 2004; Barbara et al., 2004). This
effect is related to a down-regulation of the PTHrP/PTH;R
system at the gene level and, as confirmed here, at the protein
level (Figure 7A). Therefore, we further examined the osteo-
genic effects of PTHrP-107-139 in MC3T3-E1 cells. Addition
of PTHrP-107-139, at 100 nM, to the high glucose medium
prevented the alterations in several genes related to osteoblas-
tic maturation in these cells (Figure 7B). This stimulating
effect of PTHrP-107-139 on OPG gene expression was
concentration-dependent, occurring even at 10pM
(Figure 7C). As shown in Figure 7D, exposure of MC3T3-
E1l cells to neutralizing C-terminal PTHrP antiserum C7 in
normal glucose medium decreased the expression of several
osteoblast differentiation genes. On the other hand, PTHrP-
107-139, at 100 nM, but not PTHrP-109-138 as expected
(Fenton etal., 1991a), stimulated these genes; and this
effect was inhibited by the aforementioned antiserum
(Figure 7D).

Recently, we demonstrated that the N-terminal fragment
of PTHrP induced very similar effects to those triggered by
PTHrP-107-139, as reported here, on osteoblastic differentia-
tion in MC3T3-E1 cells grown in high glucose (Lozano et al.,
2009). Thus, we tested whether these combined fragments
might have additive effects in this regard. We found that
addition of both PTHrP-1-36 and PTHrP-107-139 together, at
a submaximal concentration (1 nM) inducing OPG gene over-
expression, failed to elicit a greater effect than that of each
peptide alone in these cells (Figure 8A). The putative interac-
tion between both PTHrP peptides to modulate osteoblastic
function seems to occur downstream from PTH;R, because the
PTHrP-107-139-induced OC gene up-regulation was similar in
magnitude in the presence or absence of the PTH;R antago-
nist, PTHrP-7-34, at 1 uM, in MC3T3-E1 cells (Figure 8B).

Discussion and conclusions

In the present study, treatment with PTHrP-107-139 for 13
days was shown to exert a clear osteogenic action (as assessed
by DXA, uCT, gene expression analysis and ex vivo BMSCs) in
the intact long bones of diabetic mice. Furthermore, our
findings herein demonstrate that this treatment promotes
intramembranous bone formation following marrow abla-
tion in these mice. Our results showing trabecular bone loss
related to a deficient osteoblast function in STZ-induced dia-
betic mice confirm those previously reported in this animal
model, which has proven to be a valid model for studying the
mechanisms of diabetes-related osteopaenia (Lu et al., 2003;
Botolin et al., 2005; Botolin and McCabe, 2007; Hamada
et al., 2007; Lozano et al., 2009; Silva et al., 2009). In fact, the
reported lack of efficacy of STZ to affect adipogenic or osteo-
genic differentiation of mesenchymal C3H10T1/2 cells rules
out the possibility that a direct effect of this drug on bone
cells might contribute to bone alterations in this model
(Botolin et al., 2005; Lozano et al., 2009).

The present data also show an angiogenic effect of PTHrP-
107-139, related to its effect on VEGF and its receptors 1 and
2 in the diabetic mice. In this regard, PTHrP-107-139 has
previously been shown to stimulate both VEGF and VEGFR-2
expression in human osteoblastic cells in vitro, and also in
the regenerating tibia of mice undergoing glucocorticoid
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Figure 2

Effect of parathyroid hormone-related protein (PTHrP)-107-139 administration on several diabetes-related alterations in the mouse tibia after
marrow ablation: regenerating bone formation (assessed by Masson'’s staining) (A); abundance of osteoblasts (B); gene expression of various
bone-related factors (assessed by real-time PCR) (C); as well as polynucleated osteoclast-like (P) and mononuclear (M) tartrate-resistant acid
phosphatise (TRAP)-positive cells (D). For details, see Methods. Representative images are shown in (A) and (D) (original magnifications x40).
Results are mean = SEM corresponding to the groups of mice as mentioned in the legend to Figure 1. *P < 0.05 versus corresponding control
value; **P < 0.05 versus corresponding diabetic value. Arrows denote osteoblast presence. GP, growth plate; OC, osteocalcin; OPG, osteoprote-
gerin; OSX, osterix; TNFRSF11A, receptor activator of nuclear factor-xf ligand; RB, regenerating bone.
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Treatment with parathyroid hormone-related protein (PTHrP)-107-139 reverses the diabetes-induced changes in: the number of adipocytes.
Representative images are shown (original magnifications x40) (A); gene expression of adipogenesis-related factors (assessed by real-time PCR)
(B); the abundance of blood vessels (C); and the vascular endothelial growth factor (VEGF) system mRNA levels (D) in the regenerating mouse
tibia. Results are mean + SEM corresponding to the groups of mice as mentioned in the legend to Figure 1. *P < 0.05 versus corresponding control
value; **P < 0.05 versus corresponding diabetic value. FABP, adipocyte fatty acid-binding protein; PPARy2, peroxisome proliferator-activated

receptor; VEGFR, VEGF receptor.

treatment (Esbrit et al., 2000; de Gortazar et al., 2006; Alonso
et al., 2008; de Castro et al., 2010). The up-regulation of both
VEGFR-1 and -2 as found here is of pathophysiological sig-
nificance considering recent findings showing that both
receptors contribute to both neoangiogenesis and new bone
formation in a murine model of distraction osteogenesis
(Jacobsen et al., 2008). Our data further support the idea that

the VEGF system has an important role in the osteogenic
action of the C-terminal domain of PTHrP.

Even though dynamic histomorphometry to directly
assess the bone formation rate was not performed in the
present study, the observed osteogenic effects of PTHrP-107-
139 in STZ-induced diabetic mice are likely to be a conse-
quence of its anabolic action and independent of its
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Effect of parathyroid hormone-related protein (PTHrP)-107-139 administration in vivo on the diabetes-related changes in osteogenic differentiation
of mouse bone marrow cells (BMC) cultures ex vivo. Changes in alkaline phosphatise (ALP)+ colonies (positive area and colony size distribution)
(A and B), total colony formation (assessed by crystal violet staining) (C) and matrix mineralization (evaluated by alizarin red staining) (D) were
determined at 15 or 21 days of culture, as described in the text. Representative images of ALP+ (A) and total (C) colonies, and mineralized nodules
(D) are shown. BMC cultures from each five mice per experimental group were independently analysed, and the results were then combined for
statistical analysis. Results are mean = SEM. *P < 0.05 versus corresponding control value; **P < 0.05 versus corresponding diabetic value.

antiresorptive properties. Thus, TRAP-positive polynucleated
osteoclast-like cells were scarce in the regenerating tibia of the
diabetic mice at the time of study, in agreement with previous
observations in these marrow-ablated mice (Okuda etal.,
2007) and in this diabetic model (Hamada etal., 2007;
McCabe, 2007; Silva et al., 2009), and their number was unaf-
fected by PTHrP-107-139 treatment. This seemingly low
abundance of osteoclasts seems to be somewhat inconsistent
with the increased gene expression of TNFRSF11A in the long
bones of diabetic mice. However, this apparent discrepancy
might be explained by recent in vitro findings showing that
chronic exposure of murine osteoclast precursors to high

1432 British Journal of Pharmacology (2011) 162 1424-1438

glucose inhibits TNFRSF11A-induced osteoclastogenesis and
osteoclast function through a redox mechanism (Wittrant
et al., 2008).

Previous studies have assessed the putative osteogenic
effects of daily administration of either PTHrP-107-139 or
osteostatin, at the same molar concentration and a similar
time period (=2 weeks) as used here, in mice undergoing
glucocorticoid treatment or ovariectomized rats respectively.
Both C-terminal PTHrP peptides were found to compensate
the osteopaenia-related changes in cortical bone, but were
ineffective or much less efficient in this respect in trabecular
bone (Rouffet et al., 1994; de Castro et al., 2010). In addition,
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Effects of parathyroid hormone-related protein (PTHrP)-107-139 on high glucose (HG)-induced changes in osteogenic differentiation of mouse
bone marrow cells (BMC) cultures in vitro. BMCs were grown in osteogenic medium, with or without (basal) HG, and PTHrP-107-139 (100 nM)
(or vehicle), intermittently for only the first 6 h of each consecutive 48-h incubation cycle or continuously (every 48 h), for 15 or 21 days of culture.
Changes in alkaline phosphatise (ALP)+ colonies (positive area and colony size distribution) (A and B), total colony formation (assessed by crystal
violet staining) (C) and matrix mineralization (evaluated by alizarin red staining) (D) were determined at 15 or 21 days of culture, as described
in the text. Representative images of ALP+ (A) and total (C) colonies, and mineralized nodules (D) are shown. BMC cultures from four mice were
independently analysed, and the results for each parameter tested were then combined for statistical analysis. Results are mean + SEM. *P < 0.05
versus corresponding basal value; **P < 0.05 versus corresponding HG value.

local daily injection of PTHrP-107-139 for 5 days into normal
adult mouse calvariae decreased bone resorption, and also
reduced the number of osteoblasts to a lower extent at nano-
molar concentrations, without significant change in osteoid
area but with a trend to an increased mineralization (Cornish
et al., 1997). Thus, it seems that in conditions of normal or
high bone turnover in the experimental settings referred to
above, the putative anabolic action of C-terminal PTHrP at
least in some types of bone might be overshadowed by its
concomitant effects on bone resorption. This contrasts with
the anabolic efficacy of PTH, a well-characterized bone ana-
bolic factor with proresorptive features, which was improved

by simultaneous administration of antiresorptive agents in
ovariectomized mice (Goltzman, 2008).

The probable anabolic action of PTHrP-107-139 as
strongly suggested by our present data in a diabetic scenario
was also supported by using BMSCs from control mice
exposed to high glucose. Similar to what we observed in these
cells isolated from diabetic mice, exposure to high glucose
was shown to hamper osteogenesis (and to increase adipo-
genesis), and this was reversed by PTHrP-107-139. This
peptide was effective even for short pulses, which is
congruent with previous findings in other osteoblastic cell
systems (Cornish et al., 1999; de Gortazar et al., 2006; Alonso
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Changes in gene expression of several osteoblastic and adipocytic factors (assessed by real-time PCR) in mouse bone marrow cells (BMC) cultures
grown in osteogenic medium, in the presence or absence (basal) of high glucose (HG), with or without parathyroid hormone-related protein
(PTHrP)-107-139 (100 nM) as described in the legend to Figure 5 for 15 days (A). Changes in adipocyte formation in BMC cultures in adipogenic
medium during this time period were evaluated in these experimental conditions (B). BMC cultures from 4 mice were independently analysed,
and the results were then combined for statistical analysis. Results *P < 0.05 versus corresponding basal value; **P < 0.05 versus corresponding
HG value. FABP, adipocyte fatty acid-binding protein; OC, osteocalcin; PPARy2, peroxisome proliferator-activated receptor; PTH;R, parathyroid

hormone receptor 1.

et al., 2008). PTHrP-107-139 was also shown to reverse the
deleterious effects of high glucose on osteoblastic maturation
in more differentiated MC3T3-E1 cells. In addition, this
peptide, in contrast to PTHrP-109-138, increased the expres-
sion of several osteoblast differentiation genes in these cells
in normal glucose medium. The efficacy of PTHrP-107-139 to
increase OPG mRNA expression in these cells, as observed
here, is not surprising considering the various effects of this
peptide in other osteoblastic cell preparations (Cornish et al.,
1999; Valin et al., 2001; Alonso et al., 2008).

The present data also demonstrate that PTHrP-107-139
reversed the down-regulated PTH;R gene expression by high
glucose in BMSCs and MC3T3-E1 cells in vitro, and also in vivo
in the diabetic mouse tibiae. However, the efficacy of PTHrP-
107-139 was unaltered by the presence of a PTH;R antagonist,
indicating that this receptor is unlikely to mediate its osteo-
blastic actions. At the same time, either antagonizing PTH;R
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signalling (Lozano et al., 2009) or addition of a neutralizing
antibody with C-terminal PTHrP specificity (as shown here)
similarly mirrored the deleterious effects of high glucose on
MC3T3-E1 cell differentiation. In addition, combined PTHrP-
107-139 and PTHrP-1-36 showed the same efficacy as each
single peptide in up-regulating OPG expression, and that of
other osteoblastic genes (Esbrit et al., 2000; Guillén et al.,
2002). These data lend credence to the hypothesis that a
cross-talk in signal transduction pathways triggered by both
C- and N-terminal domains of PTHrP occurs in osteoblastic
cells (Valin et al., 2001; Hildreth et al., 2010). In this respect,
previous findings underpin the putative role of mitogen-
activated kinase activation as a key downstream mechanism
to induce osteoblast differentiation by these PTHrP domains
(Carpio etal., 2001; Chen efal.,, 2004; de Gortézar etal.,
2006). Additional studies are needed to clarify this particular
point in a diabetic scenario.
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Changes in parathyroid hormone-related protein (PTHrP) and parathyroid hormone receptor 1 (PTH;R) protein expression (assessed by Western
blot; representative autoradiograms are shown) (A), and in gene expression of various bone-related factors [assessed by real-time PCR] (B and C)
induced by high glucose (HG), with or without PTHrP-107-139, at 100 nM (B) or at different concentrations (C), for 5 days in MC3T3-E1 cells.
Opposing effects of PTHrP-107-139 and a neutralizing C-terminal PTHrP antiserum on the expression of osteoblast differentiation genes (assessed
by real-time PCR) in these cells grown for 5 days in normal glucose medium. PTHrP-107-139 and PTHrP-109-138 were added at 100 nM, and
antiserum C7 was used at 1:100 dilution (D). Results are mean = SEM of 3-5 independent experiments in duplicate. *P < 0.05 versus
corresponding basal value; **P < 0.05 versus corresponding HG value; #P < 0.05 versus PTHrP-107-139 value. OC, osteocalcin; OPG, osteopro-
tegerin; TNFRSF11A, receptor activator of nuclear factor-xf ligand; VEGF, vascular endothelial growth factor; VEGFR, VEGF receptor.
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The presence of parathyroid hormone-related protein (PTHrP)-1-36
or the PTH;R antagonist PTHrP-7-34 does not affect the osteogenic
effect of PTHrP-107-139 in MC3T3-E1 cells. Cells were grown for 5
days in high glucose (HG) medium (A) or normal glucose medium
(B) in the presence or absence of PTHrP-1-36 and PTHrP-107-139 or
both (at 1 nM each) (A), or PTHrP-107-139 (100 nM) with or
without PTHrP-7-34 (1 uM) (B). Osteoprotegerin (OPG) and osteo-
calcin (OC) mRNA expression was assessed by real-time PCR. Results
are mean *= SEM of three independent experiments in duplicate.
*P < 0.05 versus corresponding basal value; **P < 0.05 versus corre-
sponding HG value; #P < 0.05 versus PTHrP-7-34 value.

In conclusion, by using diabetic mice with low-turnover
osteopaenia and an in vitro approach mimicking the diabetic
condition, we showed for the first time that PTHrP-107-139
exerts true anabolic effects to promote bone formation,
independent of its putative suppressive action on osteoclast
function.
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