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Summary

Diabetes mellitus (DM) is a metabolic pathology characterised by chronic hyperglycemia due to a deficit
in the production and/or action of insulin. DM, above all type I, is commonly associated with osteope-
nia/osteoporosis and with an increased risk of fractures. Insulin-like growth factor-I AGF-D), a factor abun-
dant in the bone matrix which plays a significant role in the development and maintenance of bone mass,
diminishes with DM. Parathyroid hormone-related protein (PTHrP), a modulator of growth and osteoblast
function, acts on osteoprogenitors, promoting osteoblast differentiation and bone regeneration. Its
expression is reduced in the presence of DM. In this work we have evaluated and compared the osteo-
genic actions of PTHrP in mouse models with type 1 DM and IGF-I deficiency. Diabetic mice by injec-
tion of streptozotocin had a reduction in bone mass in the long bones associated with an increase in oxi-
dised proteins and a reduction in the expression of genes related to the Wnt pathway and of B-catenin
protein, as well as alterations in vertebral trabecular bone. In the mouse model with IGF-T deficit our
results indicate the presence of osteopenia both in the femur (associated with an inhibition of the Wnt
pathway) and the spine (L1-L5). Our findings demonstrate that the administration of PTHrP, predomi-
nantly through its N-terminal domain, modulates the canonical Wnt pathway in relation to its osteogenic
actions in a diabetic situation and also, in part, in the absence of IGF-1.
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Introduction

Diabetes mellitus (DM) is a metabolic pathology
characterised by chronic hyperglycemia due to a
deficit in the production and/or action of insulin,
responsible for the dysfunction of organs such as
the retina, the kidneys, the nervous system and the
cardiovascular system!. Furthermore, DM is com-
monly associated with osteopenia/osteoporosis and
with an increase in the risk of fractures, due to
mechanisms only partially described>. DM type 1
(DM, or insulin-dependent diabetes, is characteri-
sed by low levels of insulin and of growth factor
similar to insulin type 1 (IGF-D in the blood and is
usually manifested before peak bone mass is rea-
ched, while type 2 (DM2) — associated with insulin
resistance — is common in adults’. Skeletal changes
in DM1 include: 1) a reduction in longitudinal bone
growth during puberty in adolescents; 2) a reduc-
tion in bone mass in the hip, femoral head and
spine in adults; 3) an increased risk of fracture; and
4) a reduction in the regenerative capacity of the
bone. The characteristics of DM are compatible with
a low level of bone remodelling””. Hyperglycemia
induces a lower level of proliferation and function
of the osteoblasts. In addition, the products of
advanced glycosylation (AGEs) contribute the gene-
ration of oxidative stress, increasing bone fragility
and the risk of fracture®.

Among endocrine and local factors which have
been shown to act on bone, insulin, produced and
secreted by the f pancreatic cells and IGF-1, mainly
produced in the liver but also in bone where it
accumulates in the bone matrix, merit special con-
sideration in osteopathy associated with DM™!".
Studies in diabetic type 1 rats indicate the role of
insulin deficit in the reduction in the integrity and
resistance of bone™ . Furthermore, patients with
DM1 have blood levels of IGF-T significantly lower
in relation to those found in normal individuals or
in patients with DM2". It is known that systemic
IGF-I plays an important role in the development
and maintenance of bone mass. In fact, mice with
an overall deficiency in IGF-I have a size at birth
approximately 60% of that of controls, which redu-
ces to 30% at 8 weeks, and have lower levels of
bone mineralisation and of bone remodelling'>".

On the other hand, the protein related to para-
thormone (PTHrP) plays a fundamental role in the
development of endochondral bone, delaying the
differentiation of the chondrocyte growth plates,
and acting as an important local regulator for bone
remodelling in adults™. Homozygous Pthrp-/- mice
have lethal perinatal chondrodysplasia; while hete-
rozygous Pthrp+/- mice are viable but exhibit a sig-
nificant reduction in bone mass”. PTHrP has a
structural similarity to PTH at its N-terminal extre-
me, but differs completely from this hormone in the
rest of its structure. The middle section and the C-
terminal of PTHrP contain different singular epito-
pes associated with auto/paracrine and intracrine
effects in different types of cells®. As a consequen-
ce of its post-transductional signal processing?,
PTHrP may generate different bioactive fragments:
1) an N-terminal 1-36 fragment; 2) one or many
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fragments from the middle region whose amino
acids 88-91 and 102-106 are nuclear/nucleolar loca-
lisation domains (NLS); and 3) a C-terminal frag-
ment which contains the sequence 107-111 known
as osteostatin. Although a receptor for this C-termi-
nal region of PTHrP has not yet been successfully
isolated, it has been shown that it signals in part
through the transactivation of receptor 2 of the vas-
cular endothelial growth factor (VEGF) associated
with its actions in the osteoblasts***. Previous stu-
dies have shown that PTHrP reverses the delete-
rious effects of DM1 on the number of osteofor-
ming cells and the osteoblast function in a regene-
rating mouse tibia®. Furthermore, PTHrP is capable
of compensating for the reduction in osteoblast dif-
ferentiation and the inhibition of the signalling by
means of Wnt/B-catenin — a key pathway which sti-
mulates bone formation induced by the high levels
of glucose in osteoblastic cells in vitro**.

Taking into account these considerations, in
this work we have evaluated and compared the
consequences of insulin deficit (DM1) and IGF-I
on the efficacy of PTHrP in inducing osteogenic
actions in the mouse.

Materials and methods

All the studies carried out in animals were develo-
ped with the approval of the committee for expe-
rimentation and animal welfare of the Jiménez
Diaz IIS-Foundation. The pain and suffering of the
animals were palliated in accordance with current
European regulations (Directive 2010/63/EU). In
addition, the experimental design was adapted to
the criteria known as 3R (replace, reduce, refine)
to minimise the number of animals which still
allow significant results to be obtained*.

Model of mouse with DM1

Male CD-1 mice of 4 months of age were used
(Harlan Interfauna Ibérica, Barcelona), stabilised
over two weeks in the vivarium of the Jiménez Diaz
IIS-Foundation. The animals had free access to
water and a standard diet (8.8 g/kg of calcium and
5.9 g/kg of phosphorous; Panlab, Reus), at 22°C
with cycles of 12 hours of light and 12 hours of
dark. To induce DM, the mice were injected intra-
peritoneally with streptozotocin (STZ) (Sigma-
Aldrich, St Louis, Missouri, US), a pancreatic cytoto-
xin, over 5 consecutive days at a dose of 45 mg/kg
body weight in a buffer solution of sodium citrate
50 mM, pH 4.5, or with a saline vehicle (controls)®.
A week after the last injection blood glucose was
measured in blood taken from the mouse tail, using
a glucometer (Glucocard G+-meter, Menarini
Diagnostics, Florence, Italy), those mice with glyce-
mia =250 mg/dl (Figure 1A) were considered to be
diabetic. Two weeks after the confirmation of DM,
the mice were treated with PTHrP (1-36) (NO) or
PTHrP (107-139) (Ct) (Bachem, Bubendorf,
Switzerland), 100 pg/kg in each case, or with phos-
phate saline buffer, pH 7.4 (PSB) (peptide vehicle)
every two days by subcutaneous injection, for a
total of 14 days (Figure 1A). 5 mice/group were
used in each of these 4 experimental groups.
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Figure 1. Description of model of mouse diabetic due to STZ.
Shown are the baseline glycemia in control (Co) and diabetic (DM)
mice, as well as changes in weight of each of the experimental
groups. Nt, PTHrP (1-36); Ct, PTHrP (107-139). The results repre-
sent the mean + SEM of 5 mice/group. **p<0.01 vs Co; #p<0.05;

##p<0.01 vs DM

Ex vivo culture of BMMCs

To obtain the BMMCs from the
femurs and tibias obtained from both
animal models, the epiphysis was
perforated parallel to the diaphysis
with a surgical needle of 20G thick-
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ness. The marrow cavity was perfu-
sed with o-MEM culture medium
supplemented with 15% foetal bovi-
ne serum, 1% penicillin-streptomycin
and 2.5 pg/ml fungizone, and the
bone marrow obtained. After various
washes a homogenous suspension
was obtained which was centrifuged
at 1,500xg for 5 minutes at a cold
temperature. The cell precipitate was
resuspended in the aforementioned
medium (without fungizone), and the
number of viable cells counted (by
exclusion with trypan blue) in an
automatic cell counter (Countess™,
Life Technologies, Paisley, United

Two hours after the last injection of each treat-
ment, the animals were weighed and then subse-
quently sacrificed with a mixture of ketamine
(Pfizer, Madrid, Spain) 20 mg/kg and xylacine
(Bayer, Kiel, Germany) 5 mg/kg (2:1, v/v).
Subsequently the femurs, the tibias (discarding the
fibula) and the L1-L5 vertebrae were extracted, with
the adjacent muscle eliminated. The long bones
were used to obtain cultures of bone marrow-deri-
ved mesenchymal cells (BMMCs), or stored (in
liquid N,) for subsequent extraction of RNA or the
analysis of carbonylated proteins (at -80°C). The
vertebrae were stored at -20°C until their incorpora-
tion into methacrylate for bone histomorphometry.

Model of mouse deficient in IGF-I

The mice with homozygous IGF-I deficiency (Igf1-
nulD, 3 months old and with a mixed genetic
background MF1/129sv, were generated after
crossing heterozygous mice with a deletion in
exon 4 of the Igf1”. The mice were genotyped
using Southern Blot after the extraction of genome
DNA from the tail with REDExtract-N-Amp™Tissue
PCR Kit (Sigma-Aldrich) and characterised by
functional criteria®?.

Four experimental groups were established
with 6 mice per group, control and Igfl-null, trea-
ted with PTHrP (1036), PTHrP (107-111) or with
PSB. The PTHrP peptides (80 pg/kg in each case)
or saline vehicle were administered by subcutane-
ous injection every 48 hours for two weeks. This
dose was chosen because similar doses of these
peptides induce anabolic or antiresorptive effects,
respectively, in rodents®*?!. Two hours after the
last injection the mice were sacrificed, as already
described. The long bones were used to obtain
BMMCs. The spare femurs were stored in liquid N,
for later extraction of total RNA, and the L1-L5 ver-
tebrae for histomorphometry.

Kingdom). Subsequently, the cells
were seeded at a density of 1-2,
5x10%/cm? in 6-well plates in a humid
atmosphere of 5% CO, at 37°C»32. Osteogenic diffe-
rentiation medium was added (the aforementioned
medium supplemented with 50 pg/ml L-ascorbic
acid and 10 nM B-glycerol phosphate) to the cultu-
re the third day after seeding. The cells were kept
under these conditions for 14-16 days, with half the
volume of the conditioned medium replaced every
two days. During this period the BMMCs origina-
ting from diabetic or Igf1-null mice were treated in
vitro with the PTHrP peptides (added when the
medium was changed).

Bone densitometry

Using double X-ray absorptiometry (DXA) the
bone mineral density (BMD; g/cm?®, the bone
mineral content (BMC; g) and the % periosteal fat
in the total body, the femur, the tibia and spine
(vertebrae L1-L5) (regions of interest) of the anaes-
thetised mice were measured. The DXA was per-
formed using a PIXIMus I instrument (GE Lunar
Corp., Madison, Wisconsin, US). The instrument’s
programme calculates the cited parameters in dif-
ferent regions of the skeleton (excluding the head)
with a coefficient of variation of +2%.

Bone histomorphometry

The samples of the L1-L5 vertebrae were fixed for
24 hours in 70% ethanol and, later, dehydrated in
96% ethanol for two days and then in absolute
ethanol for a further two days. Next, the samples
were set in polymerised methyl-methacrylate
(Merck, Whitehouse Station, New Jersey, US),
following a standard protocol*. Then, a series of 7
pm sections were made, as close as possible to the
sagittal axis of the spine with a Leica RM 2255
microtome, which were deposited on slides pre-
treated with Haupt’s gelatine, covered with a layer
of polyethylene and pressed for 20-24 hours at
60°C. Before staining the samples were deplastici-



sed with methyl-acetate (Merck) for 15-30 minu-
tes, followed by rehydration with ethanol at decre-
asing concentrations (absolute, 70% and 50%) and
washed with distilled water. The von Kossa stain
allows the visualisation of mineralised bone colou-
red black. Staining with Goldner’s trichrome
colours the cell nuclei blue, the osteoid borders
red, and mineralised bone green. After the stai-
ning, the samples were dehydrated and mounted
with DPX resin (VWR, Louvain, Belgium).

To determine the histomorphometric parame-
ters, a micrometer coupled to a rectangular grid in
the eyepiece of a microscope (Olympus BX41,
Olympus, Melville, New Jersey, US) was used®. The
following were determined: the trabecular volume
as against the total bone volume (BV/TV); average
trabecular thickness (Tb.Th); the number of trabe-
culae (Tb.N); and the trabecular separation (Tb.S),
according to the criteria of the American Society for
Bone and Mineral Research®. These parameters
were evaluated independently by two observers.

Analysis of protein expression by western
transference

To extract the total protein from the femur it was
homogenised mechanically in a mortar. The pro-
teins were extracted with RIPA buffer [50 mM Tris-
HCI, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton
X-100, 1% sodium deoxycholate and 0.1% sodium
dodecyl sulfate (SDS)], supplemented with protease
inhibitors (Protease inhibitor cocktail P8340, Sigma-
Aldrich) and phosphatases (Phosphatase inhibitor
cocktail Set II, Calbiochem, La Jolla, California, US).
After incubation for 30 minutes at 4°C the samples
were centrifuged at 13,000 rpm for 30 minutes, and
the supernatant collected. The concentration of pro-
tein was measured using the bicinchoninic acid
method (Thermo Fisher Scientific, Rockford, Illinois,
US), using a bovine serum albumin curve pattern. In
the protein extracts the carbonylated proteins were
quantified by the derivatisation of the carbonyl
groups with 2 4-dinitrophenylhydrazine (DNP-
hydrazine) using the commercial test, OxyBlot pro-
tein detection kit (Millipore, Billerica, Massachusetts,
US). The stable protein DNP-hydrazone obtained
was detected by immunotransfer. To achieve this,
the derivatized proteins (20 pg) were separated by
electrophoresis in polyacrylamide-SDS gels at
12.5%, and subsequently transferred to difluoro
polyvinylidene membranes (Schelider & Schuel,
Keene, New Hampshire, US), followed by incuba-
tion with a primary polyclonal anti-DNP antibody
and with a secondary antibody conjugated to horse-
radish peroxidase. The resulting bands were visua-
lised using chemoluminescence (ECL Western
Blotting Detection Reagents; GE Healthcare,
Buckinghamshire, United Kingdom).

For the analysis of the proteins from the BMMCs,
the protein extracts (20 pg) were separated in 8%
polyacrylamide-SDS gel with 5% B-mercaptoethanol.
Next, the samples were transferred to nitrocellulose
membranes (Trans-Blot® SD semi-dry transfer cell,
Bio-Rad, California, US). Then the membranes were
blocked with skimmed milk at 2.5% in a Tri-saline
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buffer (Tris-HCl 50 mM, pH 7,5, NaCl 150 mM,
Tween-20 al 0,1%). Subsequently, these membranes
were incubated in the presence of the primary poly-
clonal antibody corresponding to B-catenin ([1:10000
dilution]; Abcam, Cambridge, United Kingdom) and
goat anti-rabbit I1gG combined with horseradish
peroxidase [(1:10000 dilution); Santa Cruz, California,
USl. As a loading control the expression of B-actin
[(1:500 dilution); Santa Cruz] was analysed.

Analysis of gene expression using real time
quantitative PCR (RT-PCR)
The total RNA was extracted from the homogenised
femur (as has already been described) with Trizol
(Invitrogen, Groningen, Netherlands) at 4°C. The
reverse transcription of the RNA obtained to cDNA
was carried out with 0.5-1.5 pg of RNA with a high
capacity cDNA reverse transcription kit (Applied
Biosystems, Foster City, California, US) in a
Techgene thermal cycler (Bibby Scientific Ltd.,
Staffordshire, United Kingdom), according to the
following sequential protocol: 10 minutes at 25°C,
120 minutes at 37°C and 5 minutes at 85°C. The real
time PCR was carried out with: 1) specific mouse
primers for the following genes of the Wnt* cano-
nical pathway: Wnt3a, frizzled 2 (Fz2) and proteins
related to receptors for low density lipoproteins 5
and 6 (Lrp5 and Lrp6, respectively) (Table 1), and
the reaction mixture SYBR Premix Ex-Taq green
polymerase (Takara, Otsu, Japan); 2) TagMan MGB
probes  (Assay-by-Design™ System, Applied
Biosystems) for cyclin D1 (Cend1) and connexin 43
(Cx43), and a reaction mixture with Premix Ex-Taq
polymerase (Takara) in a ABI PRISM 7500 thermal
cycler (Applied Biosystems). In parallel, ribosomal
RNA 18s was amplified as normalising gene®?'.
The dissociation curves verified the obtaining
of single amplification products in the cases in
which specific primers were used. The levels of
expression in each experimental condition relative
to the baseline control were calculated as 2"
(AACt = | caiment ACt paseline ACD, as has been des-
cribed earlier”. All the determinations were carried
out in duplicate.

Statistics

The results were expressed as mean * standard
error of the mean (SEM). The comparison betwe-
en various groups was carried out using the
Kruskal-Wallis non-parametric test. The parametric
comparison between two groups was carried out
with the Student t test, while in those non-parame-
tric comparisons the Mann Whitney test was used.
Those differences with a p<0.05 were considered
significant, The analysis was performed using the
computer programme Graphpad InStat (San
Diego, California, US).

Results

Osteogenic actions of PTHrP in a model of
osteopenia associated with DM1 in mice

The mice, diabetic due to an injection with STZ,
showed a significant reduction in body weight
with respect to the controls, which was partly
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Table 1. Sequence of the specific primers used for the gene amplification by real time PCR

Primer Sequence Sense 5'-3' Sequence Anti-sense 5'-3'
Wnt3a GCACCACCGTCAGCAACAG GGGTGGCTTTGTCCAGAACA
Fz2 CCGTCTCTGGATCCTCACAT AGAAGCGCTCATTGCATACC
Lrp5 CAACGTGGACGTGTTTTATTCTTC CAGCGACTGGTGCTGTAGTCA
Lrp6 AGATCCATCAAGTGGGTTCATGTA GAAGCGACTTGAGCCATCCA
18s ATGCTCTTAGCTGAGGTGCCCG ATTCCTAGCTGCGGTATCCAGG

reversed on treatment with both PTHrP peptides
(Figure 1). In these animals, the DM induced a
reduction in BMD and BMC, as well as in the per-
centage of periosteal fat, predominantly in the
long bones, alterations which were in part due to
both fragments of PTHrP (Table 2).

Through histomorphometry carried out in ver-
tebrae L1-L5 we observed that the diabetic mice
showed a reduction in total trabecular volume
(BV/TV), in average thickness (Tb.Th) and in the
number of trabeculae (Tb.N), and an increase in
trabecular separation (Tb.S), parameters which
were normalised after the treatment with the
PTHrP peptides (Table 3). The von Kossa stain
allows the clear visualisation of these alterations in
trabecular bone in the vertebrae in each of the
experimental groups studied (Figure 2).

In the femur of the diabetic mice, we analysed
the gene expression involved in the activation of
the Wnt/B-catenin pathway. We observed that the
levels of mRNA of the Wnt3a ligand, of the Fz2
receptor and of the co-receptors of Lrp5 and Lrp6,
as well as those of Cendl (a final target gene of
this pathway) were reduced in these mice (Figure
3A). Furthermore, in the osteoprogenitors of the in
the bone marrow (BMMCs) of the long bones we
found a lower protein expression of p-catenin
(Figure 3B). These deleterious effects of diabetic
status on effectors of the Wnt/ B-catenin pathway
were counteracted by the administration of PTHrP
in vivo (above all by the N-terminal fragment) and
in vitro (Figures 3A and 3B).

Given that DM is associated with an increase in
oxidative stress, we analysed the production of
oxidised proteins in the femurs of the diabetic
mice®. These animals had an increase in oxidised
proteins with respect to the controls, which sho-
wed a tendency to normalisation after treatment
with PTHrP (1-36), but not with PTHrP (107-139)
(Figure 3C).

Alterations in bone mass and structure asso-
ciated with a deficit of IGF-I in mice and its
modulation by PTHrP

The Ighl-null mice showed a significant reduction
in BMD and BMC with respect to the control mice
in the total body, femur and spine (L1-L5) (Figure
4A). At the end of the period of study (day 14) the

Igfl-null mice showed a lower gain in bone mass
in the total body, but greater in the femur and the
spine which respect to the controls (Figure 4B).
The treatment with both PTHrP peptides produced
a significant increase in bone mass in the total body
and in the femur of the Igfl-null mice (Figure 4B).
Through a histomorphometric analysis, a general
change was observed in the structural parameters
evaluated in the L1-L5 vertebrae of the Igfl-null
mice compared to the controls. Treatment with the
PTHrP peptides normalised the BV/TV and the
Tb.Th in these animals (Table 4).

In the Igfl-null mice we found in the femur a
reduction in an initial gene and another final gene,
key to the activity of the canonical Wnt, Wnt3a
and Cx43 pathway, which was partially compen-
sated for by treatment with the PTHrP peptides
(Figure 5A).

In addition, we wanted to confirm whether
PTHrP might exert osteogenic actions autono-
mously at the cellular level in the absence of IGF-
1. In order to do this we used BMMC cultures from
control and Igfl-null mice treated in vitro with
both PTHrP peptides. The cultures from Igfl-null
mice showed a lower capacity for mineralisation
compared with the controls, which was not affec-
ted by the treatment with either PTHrP peptides
(Figure 5B).

Discussion

Osteogenic effects of PTHrP in murine model
of DM induced by STZ

In this study we observed a loss of weight in diabe-
tic mice, possibly due to lipolytic action and loss of
muscle induced by the drug STZ*¥. Using DXA we
corroborated this finding with the decrease obser-
ved in the percentage of periosteal fat in the total
body and the long bones of the diabetic mice. In
these locations we observed, furthermore, a reduc-
tion in bone mass at 4 weeks from the instigation of
DM. The treatment with PTHrP peptides compensa-
ted for this osteopenia, in accordance with earlier
observations in this model of DM1 after the adminis-
tration of analogues of PTH and PTHrP»%3%

The histomorphometric analysis of the L1-L5
vertebrae showed a reduction in BV/TV and other
trabecular parameters (Tb.Th, Tb.N and Tbh.S) in
diabetic mice, in accordance with observations in
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Table 2. Values of bone mass and periosteal fat in the long bones, spine and total body of control an diabetic mice,
with and without treatment PTHrP (1-36) or PTHrP (107-139)

Control Diabetic DM+PTHrP DM+PTHrP
(bM) (1-36) (107-139)
Femur BMD 0.123£0.001 0.103£0.0009** 0.106+0.001 0.119£0.001##
BMC 0.046x0.001 0.041+0.0005** 0.042+0.0007 0.047+0.001#
%Fat 19.45£2.376 11.56+0.409** 17.76+0.248## 13.34+0.441#
Tibia BMD 0.084+0.002 0.076+0.0004** 0.086+0.002# 0.086+0.002##
BMC 0.046+0.001 0.042+0.0007* 0.045+0.001# 0.046+0.0004##
%Fat 18.94+0.909 14.98+0.485** 16.78+0.171## 18.64+0.930##
Column BMD 0.077+0.003 0.074+0.001 0.074+0.0009 0.076+0.0007
BMC 0.092+0.006 0.057+0.011* 0.089+0.001# 0.094+0.003#
%Fat 18.78+1.084 11.06+0.175 10.4+0.175# 11.21+0.606
Total body BMD 0.064+0.001 0.056+0.001** 0.067+0.001## 0.067+0.002##
BMC 0.901£0.029 0.864+0.017 0.892+0.019 0.892+0.001
%Fat 18.78+1.084 12.82+0.582** 13.56+0.597 12.92+2.143

BMD (g/cm?); BMC (g). The values are the mean + SEM of 5 mice/groups. *p<0.05; **p<0.01 vs control;

#p<0.05; ##p<0.01 vs DM.

the other model of DM1 induced by STZ in mice®.
On the other hand, recent data from a histomor-
phometric analysis of biopsies from the iliac crest
of patients with DM1 did not indicate significant
alterations in the trabecular structure compared
with a healthy control group, although there is a
coherent trend with results obtained in the verte-
brae of diabetic mice in our study". However, it is
interesting to note that in these diabetic patients
the samples were obtained before the appearance
of complications associated with DM. Our results
demonstrate the capacity of the PTHrP peptides to
attenuate alterations in the vertebral trabecular
structures produced by DM in mice, confirming
previous findings®2,

Recent data from our group have shown chan-
ges in the Wnt/p-catenin pathways in the bone of
mice with DM1 induced by STZ, associated with a
reduction in sclerostin corresponding to a higher
rate of osteocyte apoptosis in the tibia of these
mice” On the other hand, an overexpression of
Sost and Dkk1 (inhibitors of the Wnt canonical
pathway) was found in the tibias of diabetic
mice®. In humans, high levels of sclerostin and a
reduction in B-catenin have been found in patients
with DM2%. The results of this work show an alte-
ration in the expression of the canonical genes for
the initial stages of the Wnt pathway in the bone
of diabetic mice, in contrast with that observed in
diabetic rats®. So, the alterations in the compo-

nents of the Wnt pathway in a diabetic state appe-
ar complex and species-dependent.

The hyperglycemic state associated with DM1
causes an increase in the reactive species of oxy-
gen (ROS), which produces an increase in protein
carbonylation®*®. The increase observed in car-
bonylated proteins in the femur of diabetic mice is
reduced in those treated with the N-terminal frag-
ment of PTHrP. Similarly, the ability of PTH to
reduce the production of ROS in BMMCs in the
femur of old mice has been described®. An excess
of ROS in diabetic bone affects osteoblastogenesis
-causing the differentiation of the BMMCs towards
adipogenesis-"* and the osteoblast function, dimi-
nishing the expression of Runx2, AP and Collo-?,
while also activating the transcription of FoxO
which antagonises the canonical Wnt signalling™.
Thus, we found a reduction in f-catenin in cultu-
res of BMMCs originating from the long bones of
diabetic mice. In this respect, in a model of non-
obese diabetic mouse (similar to the model of
DM1 by STZ) it was observed that there was a
suppression of the PI3K/AKT pathway in osteo-
progenitors cells which could contribute to the
destabilisation of the B-catenin in these cells. In
humans, a mutation of the Sirtl gene, directly rela-
ted to the development of DM1% has been descri-
bed, which is of interest since the SIRT1 protein
promotes the translocation to the nucleus of p-
catenin in osteoprogenitors cells>.
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Parameter Control Diabetic (DM) DM(;_I;;')HrP Dg 0+7EI?;I;P
BV/TV (%) 36.93+1.64 22.21+£1.6™ 37.19+2.76## 37.43+3 . 7##
Tb.Th. (pm) 85.49+4.53 59.91+2.24** 83.93+4.81## 88.24+2.91##
Tb. N. (mm™) 2.26+0.09 1.77+0.09* 2.32+0.07## 2.30+0.15#
Tb. S. (wm) 146.93+9.71 225.97£12.07* 130.12+1.45## 130.52+12.49#

BV/TV: total trabecular volume; Tb.Th.: average trabecular thickness; Th.N.: number of trabeculae; Tb.S.: tra-
becular separation. The values correspond to the mean + SEM of 5 mice/group *p<0.05, *p<0.01 vs control;

#p<0.05, ##p<0.01 vs DM.

Figure 2. Alterations in trabecular bone in the verte-
brae (L1-L5) of diabetic mice with or without treat-
ment with peptides of PTHrP. Shown are representa-
tive images obtained by optical microscope (4x) of
histological sections of vertebrae of control (Co) or
diabetic (DM) mice, treated, or not, with Nt (Nt) or
C-terminal (Ct) PTHrP, after being set in methacryla-
te and with von Kossa stain, showing trabecular
structure

Our findings demonstrate that PTHrP (predo-
minantly its N-terminal fragment) is capable of
counteracting, at least partly, the oxidative stress
and alterations in different active components of
the Wnt pathway as part of its osteogenic actions
in diabetic bone.

Osteogenic effects of PTHrP (1-36) and osteos-
tatin in a mouse model deficient in IGF-I

The IGF system plays a determining role in the
regulation of somatic growth. It has been sugges-

ted that a reduction in the production and/or acti-
vity of IGF-I may contribute to the loss of bone
mass associated with age*. However, it has also
been speculated that this reduction would cause a
lower level of bone remodelling and thus preser-
ve the solidity of the long bones in this situation®.
IGF-I increases the periosteal bone formation, but
its effects in trabecular bone are variable'**%. The
differences observed in the skeletons of mice defi-
cient in IGF-I could be the consequence of the
dual effect of this factor on osteoblastogenesis and
osteoclastogenesis and its relative impact accor-
ding to bone location®.

In this work we used a mouse model deficient
in the expression of Igfl which shows significant
alterations in the mass and structure of the trabe-
cular bone in the vertebrae, compensated for in
part by both PTHrP peptides. It is worth mentio-
ning the anabolic effects of PTH observed in the
trabecular bone of mice deficient in IGF-I synthe-
sised in the liver®. The low resorptive activity
associated with IGF-I deficiency could facilitate
the manifestation of an anabolic action of PTHrP
in trabecular bone'®®. In fact, anabolic effects of
both N- and C-terminal PTHrP fragments have
been described in trabecular bone in the femur of
mice diabetic due to STZ, with low levels of bone
remodelling®%.

We observed significant changes in various
components of the canonical Wnt pathway com-
patible with alterations in bone remodelling in
mice deficient in IGF-I. Previous data in mice with
a deficit of IGF-I in osteocytes showed a marked
deficiency in bone development and in the res-
ponse to mechanical stimulation, associated with a
deficient activation of the Wnt pathway®<'. In our
study we found that the administration of PTHrP
(1-36) or osteostatin partly corrects the alterations
observed in the canonical Wnt pathway in mice
deficient in IGF-I. Similarly, as our data show,
both PTHrP (1-36) and the native C-terminal frag-
ment of PTHrP (107-139) act on this metabolic
pathway in mice diabetic due to STZ»*%,

In addition, we found that the BMMCs of mice
with IGF-T deficit showed lower osteogenic capa-
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Table 4. Alterations in histomorphometric parameters in the L1-L5 vertebrae of Igfl-null mice treated, or not,

with PTHrP
Parameter Control Igfl-null Igf1-null+Nt Igf1-null+Ost
BV/TV (%) 26.1+1.5 16.5+0.9** 22.6+3.3# 22.85+0.2#
Tb. Th (um) 54.5+2 45.9+1.8% 65.423% ## 52.5+2.5#
Tb. Sp (um) 156+6.8 214.7£19.3* 230.6+27.9%* 213.2+9.24**
Tb. N (1/mm) 4.7+0.1 3.7£0.2%* 3.4%0.3" 3.6+0.23**

BV/TV: total trabecular volume/total volume; Tb.Th: trabecular thickness; Th.N: number of trabeculae; Tb.Sp:
trabecular separation. Nt, PTHrP (1-36); Ost, osteostatin. The values are the mean + SEM of 6 mice/group.
*#p<0.01 vs control; #p<0.05; ##p<0.01 vs Igfl-null.

city than the control mice. A similar
result was obtained in mice with a
deficit of Igflr in mature osteo-
blasts®*%, Furthermore, these BMMCs
showed a lack of response to PTHrP
in vitro, indicating that IGF-I is
essential for the action of PTHrP on
these osteoprogenitor cells.

These findings, overall, show that
PTHrP, predominantly through its N-
terminal domain, is capable of modu-
lating the canonical Wnt pathway in
relation to its osteogenic actions in a
diabetic situation. Furthermore, a
functional IGF-I system is necessary
for at least a part of the osteogenic
actions of PTHrP (1-36) and osteosta-
tin in the mouse skeleton.
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Figure 3. Effect of PTHrP on the Wnt/B-catenin pathway in the long
bones of diabetic mice. (A) Changes in the expression of genes rela-
ted to the Wnt canonical pathway (analysed by real time PCR) in the
femurs of control (Co) and diabetic (DM) mice, treated or not with
the N-terminal (NO) or C-terminal (Ct) fragments of PTHrP. (B)
Representative autoradiography of the changes in the expression of
B-catenin in BMMCs extracted from the femurs and tibias of these
mice, cultivated for 14 days in an estrogenic medium, in the presen-
ce or absence of each of the PTHrP peptides (100 nM). The average
relative intensities of the (3-catenin signal, normalised to that of B-actin
for each of the experimental condition, to the control in a represen-
tative experiment, are shown. (C) The effect of PTHrP on the oxida-
tion of proteins in diabetic mice. Measure of the carbonylated proteins
in the femur of control and diabetic mice, treated or not with the
PTHrP peptides. The results in A and C correspond to the mean +
SEM of the values obtained in 5 mice in each experimental condition.
*p<0.05, *p<0.01 vs Co; #p<0.05, ##p<0.01 vs DM
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Figure 4. Description of the changes in bone mass of Igfl-null
mice treated or not with PTHrP. (A) Values of BMD and BMC of
control (Co) and Igfl-null mice at the start of the study (day 0)
in total body, femur and spine. (B) Increases (A) in % of the -
values of BMD and BMC since the start (day 0) until the end of
the study (day 14) for each of the genotypes, and effect of treat-
ment with N-terminal PTHrP (Nt) or with osteostatin (Ost) (or 8.
vehicle, V). The values correspond to the means + SEM of 6 mice
for each experimental condition. **p<0.01 vs Co (A); *p<0.05 vs 9

V-control; #p<0.05; ##p<0.01 vs V-Igfl-null (B)
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