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Abstract Intermittent and low-dose parathyroid hormone

(PTH) injection to stimulate bone formation has been used

in the treatment of osteoporosis. The N-terminal fragment

1–34 of PTH is quite similar in structure and function to

N-terminal PTH-related protein (PTHrP). PTH(1–34) and

PTHrP also share a coreceptor, the PTH/PTHrP receptor.

Therefore, some studies have suggested that PTHrP could

effectively stimulate bone formation, similar to PTH. We

used an ovariectomized (OVX) rat model of osteoporosis to

study the effects of PTHrP(1–34) on bone metabolism by

measuring bone mineral density (BMD), bone histomor-

phometrics, and biomechanical parameters. We found that

subcutaneous injection of PTHrP(1–34) (40 or 80 lg/kg

body weight every day) in OVX rats increased lumbar and

femoral BMD, improved bone biomechanical properties,

enhanced bone strength, and promoted bone formation. We

selected 40 lg/kg as the preferred therapeutic dose of

PTHrP(1–34) and investigated the effects of frequency of

treatment (per 1, 2, 3, or 7 days) on bone metabolism in

OVX rats. We found that injection of PTHrP(1–34) once

per day or every other day significantly improved the BMD

and strength of OVX rats. Serum calcium and phosphate

levels in all treated rats did not vary significantly from

control rats. Based on our results, intermittent low-dose

PTHrP(1–34) injection promoted bone formation in OVX

rats, suggesting a high potential for therapeutic use in

osteoporosis patients.
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Abbreviations

BMD Bone mineral density

DTS Double-labeled surface in total trabecular bone

surface

MAR Mineral apposition rate

ObS Osteoblast surface

OcS Osteoclast surface

OVX Ovariectomized

PTH Parathyroid hormone

PTHrP Parathyroid hormone-related protein

STS Single-labeled surface in total trabecular bone

surface

TBV/TTV Total bone volume/total tissue volume

Introduction

Osteoporosis is highly prevalent worldwide—an estimated

200 million people suffer from this disease [1]. Postmen-

opausal osteoporosis is the most common type, and

approximately 30 % of all postmenopausal women have

osteoporosis in the United States and Europe [2].
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Osteoporosis is treated with agents that diminish osteo-

clastic bone resorption or increase osteoblastic bone for-

mation or both. Although agents that are antiresorptive

incrementally increase bone mineral density (BMD) and

reduce fractures, the effects are not enough to restore BMD

to premenopausal levels, and many women remain sensi-

tive to skeletal fractures. Thus, new agents are required that

can increase BMD and reduce fractures beyond the levels

achievable using antiresorptives.

The results of increasing numbers of preclinical animal

studies and clinical trials have shown that intermittent

injection of low-dose parathyroid hormone (PTH) can

effectively stimulate bone formation, thereby increasing

BMD and reducing the incidence of fractures [3–8]. These

trials led to the approval in 2002 by the US Food and Drug

Administration [9] of the N-terminal fragment 1–34 of

PTH as a drug for the treatment of osteoporosis. Further-

more, recombinant human (rh) PTH(1–84) (PreosTM) and

rhPTH(1–31)NH2 (Ostabolin-CTM), which are the two

kinds of amino acid peptides of rhPTH, are currently being

evaluated in phase II/III clinical trials [10]. In particular,

rhPTH(1–31)NH2, an enterically coated oral tablet, has

been proposed to increase BMD of the lumbar spine

without inducing bone resorption in postmenopausal

women with osteoporosis [11].

PTH-related protein (PTHrP) is so named because its 36

N-terminal amino acids are quite similar to PTH(1–34) in

structure and function. PTHrP and PTH(1–34) not only are

homologous in primary sequences and tertiary structures

but also bind to a shared coreceptor, PTH/PTHrP. Stewart

and colleagues [12] treated ovariectomized (OVX) rats

with PTH(1–34), PTHrP(1–36), or SDZ-PTH 893 for

6 months. They then assessed bone mass, bone histomor-

phometry, and bone biomechanics and found that all three

of these treatments promoted bone formation [12]. In a

subsequent randomized, double-blind trial, 16 postmeno-

pausal women were administered an increased dosage of

PTHrP(1–36) (6.56 lg/kg/day, about 400 lg/day). After

3 months of treatment, vertebral BMD increased 4.7 %

with no hypercalcemia or postural hypotension side effects,

although the dose used was ten times higher than that of

PTH (40 lg/day) [13]. Therefore, the authors proposed that

the N-terminal PTHrP fragment could effectively promote

bone formation, similar to PTH(1–34). Unlike PTH,

PTHrP(1–36), even at the larger dose, does not stimulate

bone absorption or elevate the blood calcium level.

Therefore, PTHrP(1–36) can be considered more effective

than PTH at selectively stimulating bone formation.

However, to confirm the effectiveness of PTHrP(1–36),

both the safety and frequency of its application require

further research using larger sample populations.

Estrogen inhibits bone absorption and conversion and

therefore prevents bone loss. Clinical research has shown

that estrogen replacement therapy is effective for preventing

postmenopausal osteoporosis since it can prevent bone loss

and reduce the risk of both vertebral and nonvertebral frac-

tures. In the present study, we hypothesized that PTHrP

might be an effective skeletal anabolic agent in OVX rats and

investigated the most appropriate dose and frequency of

administration. We used estradiol (E2) as a reference in our

experiments during a 3-month randomized, placebo-controlled

pilot study, in which PTHrP at different dosages was compared

with placebo [normal saline (NS)]–treated controls.

Materials and Methods

Experimental Design

Sixty healthy female nonpregnant Wistar rats, 4 months

old, were housed at the Experimental Animal Center of

Shandong University. The average weight of the animals

was 269.1 ± 34 g. Each plastic cage housed five rats. The

temperature was kept at 22 ± 2 �C in a 12-h light/dark

cycle. Rats were fed ad libitum with standard solid particle

food (1.13 % Ca and 0.66 % P).

Rats were randomly assigned to six groups of ten rats: a

sham-operated group (in which only a piece of fat around

the ovary was ablated) and five groups of OVX rats, dif-

ferentially treated (as described below). OVX rats under-

went surgery in accordance with the method of Kalu [1].

All rats were treated every day for 12 consecutive weeks

from the fifth week after surgery, by subcutaneous (SC)

injection. The total dose per treatment was adjusted weekly

according to body weight. The sham-operated group was

given 0.2 mL NS per treatment. The placebo (OVX ? NS)

group received 0.2 mL NS per treatment. The OVX ? E2

group was given 40 lg/kg estradiol benzoate (Shanghai

GM Pharmaceutical, Shanghai, China ) SC per treatment.

The OVX ? PTHrP-20 (GL Biochem, Shanghai, China),

OVX ? PTHrP-40, and OVX ? PTHrP-80 groups were

given 20, 40, or 80 lg/kg, respectively, of PTHrP(1–34)

per treatment.

Based on the results of the above experiment, we

selected PTHrP at 40 lg/kg as an effective dose for a

second set of experiments that evaluated dosage fre-

quency. Seventy 4-month-old healthy female nonpreg-

nant Wistar rats with a mean weight of 256.3 ± 40 g

were then randomly assigned to seven groups of ten rats.

The sham-operated, OVX ? NS, and OVX ? E2 groups

were treated as in the first experiment. The groups des-

ignated PTHrP-1d, PTHrP-2d, PTHrP-3d, and PTHrP-7d

were rats that were subjected to ovariectomy and then

treated with SC injections of 40 lg/kg PTHrP once per

day, every other day, every 3 days, or every 7 days,

J. Xu et al.: Different Dosages of PTHrP and Bone Metabolism 277

123



respectively, beginning from the fifth week after surgery

for 12 consecutive weeks.

Sample Collection and Treatment

Blood samples were collected from the jugular veins of all

animals before they were weighed and killed by bleeding.

The serum was isolated and kept at -20 �C for calcium and

phosphate measurements. The lumbar (L3–L4) and left

femur were completely disarticulated, wrapped with NS-

soaked gauze, and kept at -20 �C for BMD measurements

and three-point bending and lumbar compression tests. The

proximal tibia was soaked in 70 % ethanol and stored at 4 �C

for bone morphometric analysis.

BMD Measurements

BMD measurements of the femur and lumbar spine (L3–L4)

were made via peripheral dual-energy X-ray absorptiometry

from Norland (Fort Atkinson, WI), with small-animal scan-

ning software. Indices were measured three times, and the

results are presented as the average of those measurements.

Production of Undecalcified Bone Sections of Rats

and Bone Morphometric Analysis

For the first fluorescent label, all animals were given an

intraperitoneal (IP) injection of 30 mg/kg 1 % tetracycline

(Sigma, St. Louis, MO) once daily for two consecutive days,

beginning 14 days before the animals were killed. For the

second fluorescent label, 5 mg/kg 1 % calcein (Sigma) was

injected IP once daily for two consecutive days starting on

the fourth day prior to death. Under the fluorescence

microscope, tetracycline deposited at the bone surface is

visible in yellow and calcein is visible in green. Images of

trabecular bone under epiphyseal plates within 1 mm of all

bone sections were randomly selected and compiled in the

computer from inner, middle, and outer points.

Each sample was analyzed by histology with three

methods (von Kossa staining, Giemsa staining, and fluores-

cence). Images were processed and analyzed (MPIAS-500

image analyzer and Qingping Imaging Software from Tongji

Medical University, Wuhan, China) to obtain the following

indices: trabecular bone volume (TBV)/total tissue volume

(TTV), i.e., the percentage of bone tissue volume occupied

by trabecular bone; osteoblast surface (ObS); osteoclast

surface (OcS); percentage of tetracycline single-labeled

surface of the total trabecular bone surface (STS); percentage

of tetracycline double-labeled surface of the total trabecular

bone surface (DTS); and mineral apposition rate (MAR,

micrometers per day).

Bone Biomechanical Tests

Femur Three-Point Bending Test

Femoral specimens were slowly thawed and kept moist,

then freely placed on the brackets with the curved side

down. The midpoint of the femur was placed in alignment

with the loading point (AG-1S universal testing instrument;

Shimadzu, Kyoto, Japan). Specimens were uniformly loa-

ded until broken, and load-displacement curves were

obtained digitally. The accuracy of the load cell was

0.01 N, the position measurement accuracy was 0.001 mm,

the loading speed was 2 mm/min, and the span was

20 mm. The inner diameter and wall thickness of the

broken bones were measured in the long and short axes by

vernier calipers, and the experimental data were used to

calculate the mechanical properties of each specimen. The

parameters measured were maximal loading (L), maximal

bending stress (r), and bending modulus of elasticity (Ef).

Lumbar Compression Test

Before the test, bone specimens (fifth lumbar) were thawed

at room temperature, while keeping them moist. Soft tis-

sues, spine processes, transverse processes, and interver-

tebral discs were carefully removed, keeping intact the

cortex of the vertebral bodies. Vertebral bodies were

shaped as cylinders with two parallel planes and approxi-

mately 5.5–7 mm in height. The heights of the vertebral

bodies were measured by vernier calipers, and the vertebral

cross-sectional area was calculated. Specimens were placed

in the universal tester to perform compression tests with a

loading speed of 2 mm/min before load-displacement

curves and experimental data were recorded. Other con-

ditions of the test were similar to those used for the femur

three-point bending test. The parameters measured were

maximal loading (L) and compression modulus (Ec).

Serum Ca/P Determination

Serum Ca/P was determined by colorimetry with an auto-

matic biochemical analyzer.

Statistical Analysis

Statistical data were analyzed with SPSS10.0 statistical

software (SPSS, Inc., Chicago, IL, USA) and reported as

mean ± standard deviation. The independent samples t test

was used for comparisons with control groups. Comparisons

among PTHrP treatment groups were performed using one-

way ANOVA. The critical significance level was P B 0.05

(two-tailed).
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Results

Lumbar (3–6) and Femoral BMD

In the different dose groups, the lumbar and femoral BMDs of

the sham-operated and OVX ? E2 groups were higher than

those of the OVX ? NS group (P\ 0.01, Fig. 1), and the

BMDs of the OVX ? E2 and sham groups were comparable

(P [0.05). The lumbar and femoral BMDs of the

OVX ? PTHrP-20 group were mildly elevated compared with

the OVX ? NS group, though differences were not significant

(P [0.05), and still lower than that of the sham group. The

BMDs of the OVX ? PTHrP-40 and OVX ? PTHrP-80

groups markedly exceeded that of the OVX ? NS group

(P \0.01), with an upward tendency that was dose-dependent;

but differences between the OVX ? PTHrP-40 and OVX ?

PTHrP-80 groups were not statistically significant (P [0.05),

nor were the differences in BMDs significant when compared to

the sham or OVX ? E2 group (P [ 0.05; Fig. 1; Table 1).

Therefore, we selected 40 lg/kg as the effective dose.

In the different dose frequency groups, the lumbar and

femoral BMDs of the OVX ? PTHrP-1d and OVX ?

PTHrP-2d groups were markedly raised compared with the

OVX ? NS group (P \ 0.01) and remarkably higher than that

of the OVX ? PTHrP-7d group (P \ 0.05). The difference

between the OVX ? PTHrP-1d and OVX ? PTHrP-2d

groups was not statistically significant. Lumbar and femoral

BMDs of the OVX ? PTHrP-3d and OVX ? PTHrP-7d

groups did not show an obvious change when compared with

the OVX ? NS group (P [ 0.05; Fig. 2; Table 2).

Biomechanical Indices

In the different dose groups, all the biomechanical indices

measured (maximal loading, maximal bending stress, and

elastic modulus in the femur three-point bending test and

maximal loading and elastic modulus in the lumbar compres-

sion test) were higher in the sham-operated and OVX ? E2

groups than in the OVX ? NS group (Fig. 3, Table 3). All the

indices of the OVX ? PTHrP-40 and OVX ? PTHrP-80

groups remarkably exceeded those of the OVX ? NS group

(P\0.05, Fig. 3). The indices between the OVX ? PTHrP-20

and placebo groups were not significantly different (P[0.05).

All biomechanical indices tended to increase with dose.

In the different dose frequency groups, the biomechanical

indices of both the OVX ? PTHrP-1d and OVX ? PTHrP-

2d groups significantly exceeded those of the OVX ? NS

group (Fig. 4; Table 4). With the increase in frequency of

injection, all biomechanical indices tended to increase but

were similar between the OVX ? PTHrP-1d and OVX ?

PTHrP-2d groups. There were no obvious differences

between the OVX ? PTHrP-3d and OVX ? PTHrP-7d

groups compared to the OVX ? NS group.

Bone Histomorphometric Parameters

In the different dose groups, the TBV/TTV of the

OVX ? NS group was markedly lower than that of the

Fig. 1 Comparison of BMDs after administration of different doses

of PTHrP(1–34) every 3 days for 12 weeks. aP \ 0.05; bP \ 0.01

compared with the OVX ? NS group; cP \ 0.05; dP \ 0.01 com-

pared with the sham group; eP \ 0.05 compared with the

OVX ? PTHrP-20 group

Table 1 BMD after 12 weeks of treatment at different doses

Treatment group n BMD of lumbar

spine (g/cm2)

BMD of

femur (g/cm2)

Sham 10 0.181 ± 0.011b,e 0.145 ± 0.010a

OVX ? NS 10 0.161 ± 0.013d 0.131 ± 0.013c

OVX ? E2 10 0.182 ± 0.007b,e 0.144 ± 0.012a

OVX ? PTHrP-20 10 0.167 ± 0.009c 0.135 ± 0.006

OVX ? PTHrP-40 10 0.174 ± 0.013b,e 0.144 ± 0.012a

OVX ? PTHrP-80 10 0.182 ± 0.008b,e 0.148 ± 0.014b,e

Values are expressed as means ± SD
a P \ 0.05; b P \ 0.01 compared with the OVX ? NS group;
c P \ 0.05; d P \ 0.01 compared with the sham group; e P \ 0.05

compared with the OVX ? PTHrP-20 group
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sham group but ObS, OcS, STS, and DTS were signifi-

cantly higher. After estrogen (E2) replacement therapy, the

TBV/TTV of the OVX ? E2 group was elevated compared

Table 2 BMD after 12 weeks of treatment administered at different

frequencies

Treatment group n BMD of lumbar

spine (g/cm2)

BMD of

femur (g/cm2)

Sham 10 0.176 ± 0.007b,f 0.144 ± 0.008b,e

OVX ? NS 10 0.159 ± 0.011d 0.130 ± 0.012d

OVX ? E2 10 0.178 ± 0.005b,f 0.144 ± 0.012b,e

OVX ? PTHrP-1d 10 0.175 ± 0.013b,f 0.146 ± 0.006b,e

OVX ? PTHrP-2d 10 0.174 ± 0.008b,e 0.145 ± 0.011b,e

OVX ? PTHrP-3d 10 0.164 ± 0.009c 0.137 ± 0.010

OVX ? PTHrP-7d 10 0.162 ± 0.013d 0.133 ± 0.012c

Values are expressed as means ± SD
a P \ 0.05; b P \ 0.01 compared with OVX ? NS; c P \ 0.05;
d P \ 0.01 compared with the sham group; e P \ 0.05; f P \ 0.01

compared with the OVX ? PTHrP-7d group

Fig. 2 Comparison of BMDs after administration of 40 lg/kg

PTHrP(1–34) at different frequencies for 12 weeks. aP \ 0.05;
bP \ 0.01 compared with OVX ? NS; cP \ 0.05; dP \ 0.01 com-

pared with the sham group; eP \ 0.05; fP \ 0.01 compared with the

OVX ? PTHrP-7d group
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with the OVX ? NS group (P \ 0.05), although it was still

lower than that of the sham group. There was no significant

difference between the OVX ? E2 and sham groups

(P [ 0.05). ObS, OcS, STS, and DTS were significantly

reduced in the OVX ? E2 group compared with the pla-

cebo group (P \ 0.01). The MAR of the OVX ? E2 group

was comparable to both the OVX ? NS and sham groups

(P [ 0.05, Figs. 5, 6; Table 5).

After 12 weeks of treatment with PTHrP(1–34), the

TBV/TTV of each PTHrP group was significantly higher

than that of the OVX ? NS group (P \ 0.05 or \ 0.01)

and especially marked in the OVX ? PTHrP-40 and

OVX ? PTHrP-80 groups (P \ 0.01; Figs. 5, 6; Table 5).

However, when compared with the sham group, the dif-

ferences were not statistically significant. The ObS, OcS,

STS, DTS, and MAR of each PTHrP(1–34) treatment

group were significantly higher than those of the sham

group (P \ 0.05 or \ 0.01; Figs. 5, 6; Table 5).

In the different dose frequency groups, the TBV/TTV of

the OVX ? PTHrP-1d and OVX ? PTHrP-2d groups

increased compared with the OVX ? NS group (Fig. 7;

Table 6). Their ObS, OcS, STS, DTS, and MAR were

higher than those of the sham group. The TBV/TTV of the

PTHrP-7d group was not significantly different from that of

the OVX ? NS group (Fig. 7; Table 6).

Changes in Serum Calcium and Phosphate

Serum calcium and phosphate levels were similar between

the OVX ? NS and sham groups (P [ 0.05). Twelve

weeks after PTHrP(1–34) treatments with different doses

and frequencies, serum calcium and phosphate in each

group showed no remarkable changes.

Discussion

We tested different doses of PTHrP(1–34) to treat OVX rats

for 12 weeks. Since we observed no differences between

the animals of the OVX ? PTHrP-40 and OVX ? PTHrP-

80 groups, we selected 40 lg/kg to further investigate the

most appropriate frequency of administration.

In 1987 Burtis et al. [14] isolated a cytokine from

malignant tumors that was associated with hypercalcemia.

The cytokine was quite similar to PTH in gene structure and

sequence and was subsequently named ‘‘parathyroid hor-

mone-related protein.’’ The N terminus of PTHrP is strik-

ingly similar to that of PTH as its 1–13 amino acids are 70 %

homologous with PTH in primary sequence. However, there

was no homologous sequence between amino acids 14 and

36. PTH and PTHrP also share a coreceptor, the PTH/PTHrP

receptor. Thus, it is thought that the similar role of PTHrP

and PTH is mainly due to the 1–13 amino acid sequence;

prior studies have shown that both PTHrP(1–34) and

PTHrP(1–36) promote bone formation [14–18]. Some pre-

clinical animal studies and clinical trials have shown that the

N terminus of PTHrP promoted bone formation similarly to

PTH(1–34).

Animal experiments have already proved that PTHrP can

promote bone formation in OVX rats [17]. Hock et al. [19]

found that when PTH(1–34) or PTHrP(1–34) was injected

into male Sprague-Dawley rats, the bone mass of the tra-

beculae and the surface involved in bone formation were

significantly increased at high doses of PTHrP(1–34)

(16–32 lg/100 g) but the promotion of bone formation was

less so with PTH(1–34). Further clinical trials have found

that lumbar BMD in postmenopausal women increased after

Table 3 Results of bone biomechanical tests after 12 weeks of treatment at different doses

Treatment group Three-point bending test of femur Lumbar compressive test

Maximum load (N) Elastic modulus

(Gpa)

Maximal bending

stress (Mpa)

Maximum load (N) Elastic modulus

(Gpa)

Sham 165.79 ± 7.02a 891.57 ± 117.13b 211.83 ± 28.90a 194.96 ± 44.94b 77.03 ± 12.92b,e

OVX ? NS 150.15 ± 12.59c 733.92 ± 101.91d 185.35 ± 24.91c 149.91 ± 30.98d 60.48 ± 11.29d

OVX ? E2 164.67 ± 19.00a 881.07 ± 107.38b 225.48 ± 32.75b 203.86 ± 40.26b,f 76.29 ± 10.97b,e

OVX ? PTHrP-20 158.61 ± 11.20 827.19 ± 102.19 202.18 ± 14.60 160.97 ± 25.15c 61.98 ± 13.52d

OVX ? PTHrP-40 165.67 ± 15.50a 874.65 ± 152.64a 212.10 ± 24.17a 185.26 ± 25.67a 72.52 ± 9.06a

OVX ? PTHrP-80 166.75 ± 19.28a 889.50 ± 114.05b 218.94 ± 16.47b 195.39 ± 38.61b,e 74.49 ± 14.36a,e

Values are expressed as means ± SD
a P \ 0.05; b P \ 0.01 compared with the OVX ? NS group; c P \ 0.05; d P \ 0.01 compared with the sham group; e P \ 0.05; f P \ 0.01

compared with the OVX ? PTHrP-20 group

Fig. 3 Comparison of biomechanical parameters after administration

of different doses of PTHrP(1–34) every 3 days for 12 weeks.
aP \ 0.05; bP \ 0.01 compared with OVX ? NS; cP \ 0.05;
dP \ 0.01 compared with the sham group; eP \ 0.05; fP \ 0.01

compared with the OVX ? PTHrP-20 group

b
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intermittent SC PTHrP(1–36) injections [13]. Furthermore,

osteocalcin, a biochemical index of bone formation, was

notably elevated by this treatment. However, there was no

change in urinary deoxypyridinoline, an index of bone

resorption; and this is quite different from PTH.

Some authors [13] have proposed that PTHrP only selec-

tively stimulates bone formation and does not interfere with

bone resorption. If this hypothesis is correct, this treatment

would be superior to PTH in accelerating bone formation.

Further in-depth studies are needed to test this possibility.

Those studies also found that a high dose of N-terminal PTHrP

(10–20 times higher than that of PTH) had no adverse effects

on mineral stability in the environment and showed no obvi-

ous adverse effects that could be due to the differences in the

pharmacokinetics of these two peptides. Serum PTH(1–34)

reaches a maximum concentration 30–45 min after injection,

but only 5–10 min were required for the N-terminal PTHrP

fragment. Consequently, the absorption, peak serum concen-

tration, and clearance of PTHrP in rats are faster than those of

PTH, which is probably due to the higher dosage. PTHrP does

not cause malignant hypercalcemia [19–22].

Our results indicate that PTHrP(1–34) administered in a

40-lg/kg dose either once per day (PTHrP-1d) or once

every other day (PTHrP-2d) for 12 weeks can induce sta-

tistically and biologically important incremental increases

in femoral and lumbar BMD in the OVX rat model of

osteoporosis. Maximum load and elastic modulus mea-

sured in lumbar compression tests of OVX rats treated with

40 lg/kg of PTHrP(1–34) every day, every other day, or

every 3 days were significantly higher than for OVX rats

administered only NS. Similarly, each femoral biome-

chanical index for PTHrP-treated OVX rats in these groups

notably exceeded that of the OVX ? NS group. Regarding

the bone histomorphometric parameters, the TBV/TTV in

all PTHrP-treated OVX rats was markedly higher than that

of OVX rats in the NS group, particularly those treated

with 40 lg/kg PTHrP(1–34) every day, every other day, or

every 3 days and OVX rats treated with 80 lg/kg every

3 days. The ObS, OcS, STS, DTS, and MAR of each

PTHrP-treated group were significantly higher with refer-

ence to the sham-operated group. After being treated with

E2 for 12 weeks, the femoral and lumbar BMD and the

biomechanical indices also exceeded the values obtained

for the placebo group. Unlike PTHrP(1–34), the ObS, OcS,

STS, and DTS of the OVX ? E2 group were significantly

reduced compared with those of the placebo group. These

Fig. 4 Comparison of biomechanical parameters after administration

of 40 lg/kg PTHrP(1–34) at different frequencies for 12 weeks.
aP \ 0.05; bP \ 0.01 compared with OVX ? NS; cP \ 0.05;
dP \ 0.01 compared with the sham group; eP \ 0.05; fP \ 0.01

compared with the OVX ? PTHrP-7d group

b
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results allow us to conclude that bone resorption was

inhibited by the treatment.

The ultimate objective of osteoporosis treatment is the

prevention of fractures. The main purpose for using ani-

mal models of osteoporosis is to determine whether

treatments can improve bone biomechanical properties

and effectively reduce the incidence of fractures.

Although BMD is highly correlated with bone strength,

large numbers of animal experiments and clinical trials

have shown that bone quality does not necessarily

improve with increased BMD but sometimes even

declines after some treatments. Therefore, tests of bone

biomechanical properties are not only useful as a direct

evaluation of bone quality but also among the best

methods for evaluating the efficacy of therapies against

bone loss.

Fig. 5 Representative light micrographs of tibias after administration of different doses of PTHrP(1–34) every 3 days for 12 weeks

Table 4 Results of bone biomechanical tests after 12 weeks of treatment administered at different frequencies

Three-point bending test of femur Lumbar compressive test

Treatment group Maximum load (N) Elastic modulus

(Gpa)

Maximal bending

stress (Mpa)

Maximum load (N) Elastic modulus

(Gpa)

Sham 160.79 ± 16.34b,e 879.07 ± 138.37a,e 219.33 ± 15.12b,e 193.71 ± 26.88b,f 75.78 ± 12.89a,e

OVX ? NS 138.15 ± 14.74d 733.92 ± 92.92c 181.35 ± 17.31d 150.91 ± 15.70d 60.48 ± 10.08c

OVX ? E2 161.34 ± 11.46b,f 868.85 ± 92.01a,e 221.04 ± 27.49b,e 201.63 ± 32.80b,f 76.29 ± 10.97b,e

OVX ? PTHrP-1d 164.12 ± 15.44b,f 872.69 ± 123.85a,e 218.04 ± 19.02b,e 193.44 ± 23b,f 74.06 ± 15.75a,e

OVX ? PTHrP-2d 159.35 ± 18.93b,e 862.69 ± 127.68a,e 215.37 ± 22.72b,e 190.06 ± 19.33b,f 73.94 ± 14a,e

OVX ? PTHrP-3d 144.57 ± 8.05c 772.64 ± 112.29c 202.42 ± 13.67a 167.86 ± 26.3c 65.92 ± 13.67

OVX ? PTHrP-7d 142.44 ± 9.21c 733.78 ± 111.13c 195.62 ± 29.08c 157.28 ± 26.21d 61.73 ± 11.12c

Values are expressed as means ± SD
a P \ 0.05; b P \ 0.01 compared with the OVX ? NS group; c P \ 0.05; d P \ 0.01 compared with the sham group; e P \ 0.05; f P \ 0.01

compared with the OVX ? PTHrP-7d group
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Fig. 6 Representative fluorescent micrographs of tibias after administration of different doses of PTHrP(1–34) every 3 days for 12 weeks

Table 5 Results of bone histomorphometric parameters after 12 weeks of treatment at different doses

Treatment group TBV/TTV (%) ObS (%) OcS (%) STS (%) DTS (%) MAR (lm/day)

Sham 40.04 ± 7.91b 7.73 ± 1.36b,f 8.63 ± 1.67b,f 12.04 ± 2.57b,e 9.82 ± 2.36a,e 0.90 ± 0.09

OVX ? NS 19.80 ± 4.11d 12.05 ± 1.21d 13.06 ± 1.19d 20.51 ± 3.08d 15.54 ± 3.07c 1.0 ± 0.11

OVX ? E2 32.81 ± 4.01a 8.23 ± 0.93b,f 9.68 ± 1.83b,f 11.29 ± 2.25b,e 8.92 ± 1.98b,e 0.85 ± 0.16

OVX ? PTHrP-20 27.81 ± 3.31a,d 12.33 ± 1.79d 13.81 ± 1.31d 18.04 ± 3.62c 14.62 ± 2.70c 1.10 ± 0.16c

OVX ? PTHrP-40 35.83 ± 6.32b,e 14.12 ± 1.74d 14.01 ± 1.63d 24.93 ± 4.26ed 16.53 ± 3.08d 1.17 ± 0.09 d

OVX ? PTHrP-80 39.90 ± 4.33b,f 14.58 ± 2.07a,d 13.31 ± 1.51d 25.88 ± 4.79a,d,f 17.87 ± 3.93d 1.20 ± 0.15a,d

Values are expressed as means ± SD
a P \ 0.05; b P \ 0.01 compared with the OVX ? NS group; c P \ 0.05; d P \ 0.01 compared with the sham group; e P \ 0.05; f P \ 0.01 compared with the

OVX ? PTHrP-20 group
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Fig. 7 Representative light and fluorescent micrographs of tibia slicesafter administration of 40 lg/kg PTHrP(1–34) at different frequencies for 12 weeks

Table 6 Results of bone histomorphometric parameters after 12 weeks of treatment at different frequencies

Treatment group TBV/TTV (%) ObS (%) OcS (%) STS (%) DTS (%) MAR (lm/day)

Sham 39.70 ± 7.65b,f 7.70 ± 1.94a,f 8.86 ± 2.33b,e 11.99 ± 2.60b,e 9.75 ± 2.31a,e 0.89 ± 0.13

OVX ? NS 20.07 ± 4.68d 11.60 ± 1.82c 12.93 ± 1.28d 20.10 ± 3.03d 14.87 ± 3.11c 0.99 ± 0.14

OVX ? E2 32.68 ± 4.52b 8.12 ± 1.58a,f 9.25 ± 1.97a,e 12.40 ± 2.85b,e 10.07 ± 2.60a,e 0.89 ± 0.15

OVX ? PTHrP-1d 39.58 ± 5.85b,f 15.03 ± 2.67a,d 14.15 ± 2.06d 26.16 ± 3.31a,d,f 18.68 ± 3.74d 1.22 ± 0.09a,d

OVX ? PTHrP-2d 38.72 ± 5.16b,f 14.60 ± 2.26a,d 13.20 ± 1.34d 25.45 ± 4.05a,d,f 17.53 ± 3.91d 1.20 ± 0.15a,d

OVX ? PTHrP-3d 31.73 ± 4.72b 12.33 ± 2.01d 13.68 ± 1.92d 18.48 ± 3.39c 14.60 ± 2.49c 1.07 ± 0.13

OVX ? PTHrP-7d 24.51 ± 5.97d 12.54 ± 1.58d 12.82 ± 2.65c 17.78 ± 3.75c 15.16 ± 3.34c 1.06 ± 0.18

Values are expressed as means ± SD
a P \ 0.05; b P \ 0.01 compared with the OVX ? NS group; c P \ 0.05; d P \ 0.01 compared with the sham group; e P \ 0.05; f P \ 0.01 compared with the
OVX ? PTHrP-7d group
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In the present study, the dosages that correlated with a

significantly favorable response in biomechanical proper-

ties were the same as those that were associated with

increased BMD; 40 lg/kg PTHrP administered once per

day or every other day to OVX rats showed good thera-

peutic effects. The maximum load and elastic modulus

were significantly higher in these groups than in the OVX

rats that received only NS and exceeded those receiving

40 lg/kg PTHrP once per week. Therefore, administration

once per day or once every other day effectively improved

bone strength and bone quality of the lumbar spine in the

OVX rat model of osteoporosis and may prevent the

occurrence of osteoporotic fractures.

Quantitative analysis using bone histomorphometry of

bone structure and morphology dynamics has been interna-

tionally recognized as the most reliable method to measure

therapeutic effects in the treatment of osteoporosis. Unlike

measurements of BMD, bone histomorphometry is able to

evaluate the effect of drugs early and with high sensitivity.

Because bone remodeling in adult rats requires more than a

30-day cycle, the treatment period should exceed 30 days. In

this study, we administrated treatment to OVX rats for

12 weeks, starting from the fifth week after ovariectomy,

before bone histomorphometric analysis was performed.

As shown in the micrographs of bone histomorphometry

(Figs. 5, 6, 7), trabeculae under the epiphyseal plate of the

tibia were fewer and thinner in OVX control rats. On the

edges of the trabeculae, bone resorption increased and

tetracycline labeling could be seen by fluorescence

microscopy. This result shows that OVX rats displayed

high-turnover osteoporosis. The increase in bone resorption

surpassed bone formation and resulted in a negative bal-

ance of the bone turnover. However, changes in bone

mineralization were subtle and caused bone mass reduction

and trabecular BMD decrease.

Previous studies have shown that estrogen replacement

therapy slowed the rate of bone turnover, inhibiting bone

resorption and correcting a negative balance in bone turn-

over in OVX rats [23, 24]. In the present study, compared to

NS, PTHrP(1–34) at 40 or 80 lg/kg delivered SC to OVX

rats every day or every other day for 12 weeks increased the

width and conjunction of trabeculae. The tetracycline

labeling also significantly increased. TBV/TTV, ObS, OcS,

STS, and DTS were significantly higher than those of the

OVX ? NS group. This suggests that PTHrP(1–34)

increased bone mass by promoting bone formation. Thus,

PTHrP(1–34) may be involved in activating bone remod-

eling and increasing the rate of bone turnover and bone

formation, in addition to its dose-dependent effect.

Since the peptide PTHrP was discovered during inves-

tigations of malignancies associated with hypercalcemia,

this may raise the concern that using PTHrP in osteoporosis

treatment may cause patients to develop hypercalcemia and

hypophosphatemia. The present study found that serum

calcium and phosphate in all groups treated with PTHrP

were no different from those of the sham-operated and

OVX ? NS groups. This result suggests that the doses and

dose frequencies used in this study had no marked effects

on serum calcium and phosphate, with a safe therapeutic

effect. We thus conclude that PTHrP is potentially valuable

as a bone formation accelerator for osteoporosis treatment

in the clinic. Its effect in bone formation is consistent with

hPTH but also reduces bone resorption; and being purely a

promoter of bone formation, it could be superior to hPTH.

There are still several issues to settle before it will be

possible to consider the clinical application of PTHrP.

PTHrP may cause adverse effects if it is systemically dis-

tributed in the human body during the treatment of osteo-

porosis. The optimal dose and frequency of treatment to

achieve the best therapeutic effects with minimal side

effects need to be established. The possible combination

with other bone resorption inhibitors may be investigated,

and the efficacy of different PTHrP fragments should be

evaluated. In the near future, we need to continue to develop

new oral preparations like rhPTH(1–31)NH2 (Ostabolin-C).

In summary, SC injection of PTHrP(1–34) at 40 lg/kg

daily or on alternate days promoted bone formation and

significantly increased BMD and the biomechanical prop-

erties of the femur and lumbar spine in OVX rats. The

treatments did not affect the serum levels of calcium and

phosphate. PTHrP(1–34) acted as a bone formation accel-

erator and may have wide clinical application in the treat-

ment of osteoporosis in the future. However, further basic

research, long-term clinical observation, and larger sample

populations are required to ensure the safety of its use.

References

1. Kalu DN (1991) The ovariectomized rat model of postmeno-

pausal bone loss. Bone Miner 15:175–191

2. Nguyen TV, Center JR, Eisman JA (2000) Association between

breast cancer and bone mineral density: the Dubbo Osteoporosis

Epidemiology study. Maturitas 36(1):27–34

3. Rosen CJ, Bilezikian JP (2001) Anabolic therapy for osteopo-

rosis. J Clin Endocrinol Metab 86:957–964

4. Cosman F, Nieves J, Woelfert L, Formica C, Gordon S, Shen V,

Lindsay R (2001) Parathyroid hormone added to established

hormone therapy: effects on vertebral fracture and maintenance

of bone mass after parathyroid hormone withdrawal. J Bone

Miner Metab 16:925–931

5. Kurland ES, Cosman F, McMahon DJ, Rosen CJ, Lindsay R,

Bilezikian JP (2000) Parathyroid hormone as a therapy for idi-

opathic osteoporosis in men: effects on bone mineral density and

bone markers. J Clin Endocrinol Metab 85:3069–3076

6. Neer RM, Arnaud CD, Zanchetta JR, Prince R, Gaich GA,

Reginster JY, Hodsman AB, Eriksen EF, Ish-Shalom S, Genant

HK, Wang O, Mitlak BH (2001) Effect of parathyroid hormone

(1–34) on fractures and bone mineral density in postmenopausal

women with osteoporosis. N Engl J Med 344:1434–1441

286 J. Xu et al.: Different Dosages of PTHrP and Bone Metabolism

123



7. Dempster DW, Cosman F, Kurland ES, Zhou H, Nieves J,

Woelfert L, Shane E, Plavetić K, Müller R, Bilezikian J,
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