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Abstract

High-dose glucocorticoids reduce cortical bone gain in rats. The aim of the present study was to
examine the effect of the intermittent administration of human parathyroid hormone (1-34) (hPTH[1-34])
on cortical bone in rats treated with high-dose prednisolone (PSL). Twenty-five female Sprague-Dawley
rats (6 weeks old) were randomized into the following three groups: a vehicle administration (control)
group, a PSL (10 mg/kg s.c., S times a week) administration group, and a PSL + hPTH(1-34) (30 pg/kg s.c.,
3 times a week) administration group. After 8 weeks of treatment, the bone mineral density (BMD)
of the femoral diaphysis was determined using peripheral quantitative computed tomography, and a
static bone histomorphometric analysis was performed on the tibial diaphysis. PSL administration
induced a decrease in the BMD of the femoral diaphysis, compared with the control group, as well as
decreases in the total tissue area, cortical area, percent cortical area, and periosteal perimeter and
increases in the marrow area, percent marrow area, and endocortical perimeter of the tibial diaphysis,
compared with the control group. The intermittent administration of hPTH(1-34) to PSL-treated rats
attenuated PSL-related changes in the BMD of the femoral diaphysis and the percent cortical area,
marrow area, percent marrow area, and endocortical perimeter of the tibial diaphysis. The findings of
the present study suggest that the intermittent administration of hPTH(1-34) improves cortical BMD,
acts on the endocortical bone surface, and improves cortical bone geometry, in rats treated with high-
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dose PSL.
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Introduction

Glucocorticoids are potent anti-inflammatory
agents that are frequently used for the treatment of
inflammatory diseases such as arthritis, pulmonary
diseases, and skin diseases. High-dose or long-term
treatment with glucocorticoids is known to have
several adverse side effects including osteoporosis
(14). Epidemiological studies have revealed a high
incidence of fractures at the spine (a skeletal site rich
in trabecular bone) and hip (a skeletal site rich in both
trabecular and cortical bone) (27).

Bisphosphonates (alendronate and risedronate)
are the front-line choices for the prevention of frac-
tures in glucocorticoid-treated patients, with teriparatide
and zoledronic acid as possible second-line options
(3). Alendronate and risedronate have been con-
firmed to reduce the incidence of vertebral fractures
in glucocorticoid-treated patients (12). Teriparatide is
reported to be more effective than alendronate for in-
creasing bone mineral density (BMD) and for reducing
the incidence of vertebral fractures in patients with
glucocorticoid-induced osteoporosis (22, 23). Zole-
dronic acid has been reported to be non-inferior,
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possibly more effective, and more acceptable to pa-
tients than risedronate for the prevention and treat-
ment of BMD loss caused by glucocorticoids (21).
Although bisphosphonates and teriparatide are con-
sidered to be good candidates for the treatment of
glucocorticoid-induced osteoporosis, a strategy for
preventing nonvertebral and hip fractures remains
to be established.

From this point of view, a preclinical study to
test the effect of anti-fracture agents on cortical bone
in animal models of severe glucocorticoid-induced
osteoporosis in terms of the substantial deterioration
in cortical bone strength is important. Our previous
bone histomorphometry studies showed that the ad-
ministration of prednisolone (PSL) to rats decreased
the percent cortical bone area, increased the percent
marrow area, and increased the cortical porosity (7,
10, 11). Thus, PSL-treated rats can be utilized as a
model for cortical osteopenia induced by glucocor-
ticoid treatment.

Human parathyroid hormone (1-34) (hPTH[1-34],
teriparatide acetate), which is used as an intermittent
(56.5 pg, once weekly) injection regimen in clinical
settings, has been generated by a Japanese pharma-
ceutical company (Asahi Kasei Pharma Co., Ltd.,
Tokyo, Japan) (16). Teriparatide acetate is different
from teriparatide produced by genetic recombina-
tion, which is used as a daily (20 ug) injection regi-
men (17). A few preclinical studies have shown that the
intermittent (3 times a week) injection of hPTH(1-34)
(teriparatide acetate) prevented the development of
ovariectomy-induced osteopenia in rats in a dose-
dependent manner (1.5-6.0 pg/kg) and increased trabe-
cular bone mass of the proximal tibial metaphysis
in a dose-dependent manner (1.2 and 12 ng/kg) as
a result of the increase in bone formation without
the induction of cortical bone loss of the tibial dia-
physis in intact rats (6, 26). Another study showed
that a low-dose intermittent (3 times a week) injec-
tion of hPTH(1-34) (0.375 ug/kg) stimulated bone
formation and increased trabecular bone mass but
did not decrease either cortical thickness or cortical
porosity in the lumbar vertebrae in intact male beagles
(30). However, the effect of the intermittent admin-
istration of hPTH(1-34) on the cortical bone in animal
models of glucocorticoid-induced osteoporosis remains
uncertain. The aim of the present study was to ex-
amine the effect of the intermittent administration of
hPTH(1-34) on cortical bone in rats treated with high-
dose PSL.

Materials and Methods
Handling of Animals

Thirty female Sprague-Dawley rats (5 weeks old)

were purchased from Charles River Japan (Kanagawa,
Japan). The animals were fed a standard pellet diet con-
taining 1.25% calcium and 0.9% phosphorus (CRF-1;
Oriental Yeast, Co., Ltd., Tokyo, Japan). The rats
were housed in the local animal room at a tempera-
ture of 24°C, a humidity of 50%, and a 12-h on/off
cycle for lighting. Free access to water and the pel-
let diet were allowed. After 1 week of adaptation to
this environment, the rats (6 weeks old) were sorted
into strata according to body weight and were then
randomized using the stratified weight method into
the following three groups of 10 animals each: a ve-
hicle administration (control) group, a PSL adminis-
tration group, and a PSL + hPTH(1-34) administration
group. PSL (KMK, 100 mg/10 ml; Kawasaki Mitaka
Pharmaceutical Co. Ltd., Tokyo, Japan) was subcu-
tancously administered at a dose of 10 mg/kg body
weight five times a week. hPTH(1-34) (teriparatide
acetate, 6.003 mg/vial; Asahi Kasei Pharma Co., Ltd.,
Tokyo, Japan) was dissolved in 0.1% BSA (Nakalai
Tesque, Inc., Kyoto, Japan) and then was administered
subcutaneously at a dose of 30 ug/kg body weight
three times a week. The dose of hPTH(1-34) was
higher than those (1.5-20 pg/kg) previously used in
ovariectomized rats (6, 29). In the control group,
0.1% BSA (Nakalai Tesque, Inc., Kyoto, Japan) was
used as a vehicle. The weight of the rats was moni-
tored weekly, and the duration of treatment was 8
weeks. Two rats in the PSL group and three rats in
the PSL + hPTH(1-34) group were omitted because
they died during the experimental period. This ex-
periment was performed at the laboratory of Hamri
Co., Ltd. (Ibaraki, Japan), which has been approved
by the Association for the Assessment and Accredi-
tation of Laboratory Animal Care (AAALAC) Inter-
national. The experimental protocol was approved
by the Institutional Animal Care and Use Committee
(IACUC) of Hamri Co., Ltd. (Ibaraki, Japan).

Preparation of Specimens

At 8 weeks after the start of the experiment, the
animals were sacrificed by exsanguination after be-
ing anesthetized via the inhalation of 2-3% isoflu-
rane (Mylan Inc., Tokyo, Japan) using the Table Top
Laboratory Animal Anesthesia System (V1 Type;
VetEquip, Inc., Pleasanton, CA, USA). The bilateral
femora and the right tibia were harvested from each
animal. The length of the left femur was measured
using a dial caliper, and the weight was measured
using an electronic balance (A&D Company, Tokyo,
Japan). Then, the femur was preserved in saline, stored
in a freezer (-60°C), and processed for the biomechani-
cal testing. The right femur and tibia were preserved
in 70% ethanol and were processed for peripheral
quantitative tomography and bone histomorphometric
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Table 1. Body weight, femoral length, and femoral weight

Control PSL PSL + hPTH(1-34)
Initial Body Weight (g) 89.4+49 89.5+5.7 90.2+5.0
Final Body Weight (g) 159.0 £ 8.7 67.6 +5.1* 67.6 + 6.9*
Femoral Length (mm) 29.7+£0.5 24.5+£0.4%* 24.6 £ 0.6*
Femoral Weight (g) 0.61 +0.04 0.40 + 0.02* 0.40 + 0.02*

Data are expressed as the mean + SD.

An ANOVA with Fisher’s PLSD test was used to compare data among the three groups.
*: significant vs. Control. PSL: prednisolone, hPTH: human parathyroid hormone.

analysis, respectively.

Peripheral Quantitative Tomography of the Femoral
Diaphysis

The diaphysis of the femur was scanned using
peripheral quantitative computed tomography (pQCT;
XCT-Research SA+; Stratec Medizintechnik GmbH,
Pforzheim, Germany) in 70% ethanol/saline. The bones
were placed horizontally in a polypropylene tube and
scanned at a voxel size of 0.12 mm. The scan line
was adjusted using the scout view. According to the
length of the femur, the sites 12 mm (control group)
and 9 mm (PSL group and PSL + hPTH[1-34] group)
proximal to the distal growth plate were scanned. For
the analyses of bone mineral content (BMC), BMD,
area, and thickness, a threshold of 690 mg/cm3 in con-
tour mode 1 was used to separate the bone tissue from
the marrow. For analyses of the x-axis, y-axis, and polar
strain stress index (SSI), a threshold of 464 mg/cm3
in contour mode 1 was used.

Histomorphometry of the Tibial Diaphysis

The tibia was cut into two parts (proximal meta-
physis and diaphysis plus distal metaphysis) using a
Diamond Band Saw (EXAKT BS 3000; Norderstedt,
Germany), and the diaphysis plus distal metaphysis
part was stained according to the method of Villan-
ueva (28). After dehydration with ethanol and acetone,
the bone tissue was embedded in methyl methacrylate
(Wako Pure Chemical, Osaka, Japan). Cross-sections
of the tibial diaphysis were obtained 4 mm proximal
to the tibiofibular junction at a thickness of 20-30 pm
using a microgrinder (Exakt KG 4000; Norderstedt,
Germany). Then, the specimens were observed under
a fluorescence microscope (Zeiss Axiplan 2; Jena,
Germany) coupled with a video camera (CCD Color
Camera CS 5270 I; Tokyo Electronic Industry Co.,
Ltd., Tokyo, Japan). A bone morphometry software
program (Winroof Version 3.5; Mitani Corporation,
Fukui, Japan) was used for the static histomorpho-
metric analysis.

The parameters measured were total tissue area,

marrow area, periosteal perimeter, and endocortical
perimeter, in accordance with the method described
by Chen ef al. (2) Two large cavities with and without
vessels, which were independent of osteocytes and
lacunae (7-9), were observed in the intracortical area
of each specimen to measure the cavity area. These
data were then used to calculate the cortical area (total
tissue area — marrow area), percent cortical area (cor-
tical area/total tissue area x 100), percent marrow area
(marrow area/total tissue area x 100), and percent cavity
area (cavity area/cortical area x 100).

Biomechanical Testing of the Femoral Diaphysis

The mechanical strength of the femoral diaphysis
was evaluated using a three-point bending test. A load
(100 kgf) was applied to the bone midway between
two supports placed 18 mm apart. The femur was
positioned so that the loading point was at the center
of the femoral diaphysis, and bending occurred at the
medial-lateral axis. Each specimen was submerged
for about 1 h before testing to enable temperature
equilibration. The load-displacement curves were re-
corded at a crosshead speed of 5 mm/min using a
material-testing machine (MZ-500S; Maruto Instru-
ment, Tokyo, Japan). The parameters analyzed were
the bone stiffness, work to failure, and ultimate force.

Statistical Analysis

Data were expressed as the mean + standard devia-
tion (SD). Comparisons among the groups were per-
formed using an analysis of variance (ANOVA) using
Fisher’s protected least significant difference (PLSD)
test. All statistical analyses were done using the Stat
View J-5.0 program on a Windows computer, and P <
0.05 was regarded as significant.

Results
Body Weight, Femoral Length, and Femoral Weight

Table 1 shows that the initial body weight did
not differ significantly among the three groups. PSL
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Table 2. pQCT Analysis of the femoral diaphysis

Control PSL PSL + hPTH(1-34)

BMC (mg/mm) 4.61 £0.16 2.75+0.15% 2.89 +0.15%
BMD (mg/cm3) 1263 +7 1135 £ 5% 1151 + 13%#
Area (mmz) 3.65+0.13 242 +0.13%* 2.51 £0.12*
Thickness (mm) 0.53 £0.02 0.34 +0.02* 0.36 +0.02*
Stress Strain Index

X-axis 1.71 £0.10 1.22+0.11%* 1.22 +£0.13*

Y-axis 1.91 £0.10 1.19 £ 0.10%* 1.24 £ 0.07*

Polar 3.14+0.16 2.09 +0.16* 2.22 +0.13%

Data are expressed as the mean + SD.

An ANOVA with Fisher’s PLSD test was used to compare data among the three groups.
*: significant vs. Control. #: significant vs. PSL. pQCT: peripheral quantitative computed tomography, PSL: prednisolone,
hPTH: human parathyroid hormone, BMC: bone mineral content, BMD: bone mineral density.

Table 3. Bone histomorphometric analysis of the tibial diaphysis

Control PSL PSL + hPTH(1-34)

Total Tissue Area (mmz) 3.33+0.14 2.89+0.13* 2.82+£0.12*
Cortical Area (mm?) 2.38+0.10 1.57 +0.07* 1.59 £ 0.07*
Marrow Area (mmz) 0.95+0.06 1.32 +0.09* 1.23 +£0.08% #
Cavity Area (mm?) 0.015 £ 0.008 0.025 + 0.008* 0.022 +0.007
Periosteal Perimeter (mm) 6.93 +0.17 6.42+0.17* 6.28 +0.14*
Endocortical perimeter (mm) 3.58 £ 0.10 428 +0.17* 413 +£0.12%#
Percent Cortical Area (%) 714+ 1.1 54.5+1.7* 56.4+1.7%#
Percent Marrow Area (%) 28.6+ 1.1 455+ 1.7* 43.6+ 1.7%#
Percent Cavity Area (%) 0.63 +£0.33 1.60 +0.47* 1.36 +0.41*

Data are expressed as the mean + SD.

An ANOVA with Fisher’s PLSD test was used to compare data among the three groups.
*: significant vs. Control, #: significant vs. PSL: prednisolone, hPTH: human parathyroid hormone.

administration induced a decrease in the final body
weight, but hPTH(1-34) administration to PSL-treated
rats did not significantly influence the final body weight.
PSL administration induced decreases in the femoral
length and weight, but hPTH(1-34) administration to
PSL-treated rats did not significantly influence the
femoral length and weight.

pOCT Analysis of the Femoral Diaphysis

Table 2 shows that PSL administration induced
decreases in the BMC, BMD, area, thickness, x-axis,
y-axis, and polar SSI, but hPTH(1-34) administration
to PSL-treated rats did not significantly influence any
of these parameters except the BMD.

Bone Histomorphometric Analysis of the Tibial
Diaphysis

Table 3 shows that PSL administration induced
decreases in the total tissue area, cortical area, pe-

riosteal perimeter, and percent cortical area and in-
creases in the marrow area, cavity area, endocortical
perimeter, percent marrow area, and percent cavity
area. hPTH(1-34) administration to PSL-treated rats
attenuated increases in the marrow area, endocortical
perimeter, and percent marrow area and a decrease
in the percent cortical area.

Biomechanical Testing of the Femoral Diaphysis

Table 4 shows that PSL administration induced
decreases in stiffness, work to failure, and ultimate
force, but hPTH(1-34) administration to PSL-treated
rats did not significantly influence any of these pa-
rameters.

Discussion

The present study found that high-dose PSL ad-
ministration to rats reduced cortical bone gain, BMC,
and BMD and enlarged the marrow cavity and that the
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Table 4. Biomechanical testing of the femoral diaphysis

Control PSL PSL + hPTH(1-34)
Stiffness (N/m) 226.8 +21.8 82.0+11.4* 91.0 £ 14.9*
Work to Failure (N - m) 39.0+ 8.0 28.7 £ 5.5% 27.2+4.0%
Ultimate Force (N) 80.7+3.9 41.9 +2.8* 42.3 +2.8*

Data are expressed as the mean + SD.

An ANOVA with Fisher’s PLSD test was used to compare data among the three groups.
*: significant vs. Control. PSL: prednisolone, hPTH: human parathyroid hormone.

intermittent administration of hPTH(1-34) to rats treated
with high-dose PSL attenuated the cortical BMD loss,
the decrease in marrow area, or the increase in percent
cortical areca. These findings suggest that the inter-
mittent administration of hPTH(1-34) improves cor-
tical BMD, acts on the endocortical bone surface,
and affects cortical bone geometry in rats treated
with high-dose PSL.

We did not show the results of the pQCT anal-
ysis for the distal femoral metaphysis together with
those of the bone histomorphometric analysis for the
proximal tibial metaphysis because of the existence
of artifacts from the metaphyseal trabecular bone.
High-dose PSL increased the trabecular BMD of the
distal femoral metaphysis and the trabecular bone
mass of the proximal tibial metaphysis as a result of
the suppressed longitudinal growth rate and the
decreased bone length. It has been argued that rats
are a poor model of glucocorticoid-induced osteo-
porosis because glucocorticoids inhibit longitudinal
bone growth as well as bone resorption by osteoclasts
in the trabecular bone, resulting in a protective ef-
fect on the skeleton in mature rats (25). The results
regarding metaphyseal trabecular bone support this
suggestion.

However, PSL administration induced decreases
in the BMC and BMD of the femoral diaphysis, as
well as decreases in the total tissue area, cortical area,
percent cortical areca, and periosteal perimeter and
increases in the marrow area, percent marrow area,
endocortical perimeter, cavity area, and percent cavity
area of the tibial diaphysis. These results of bone
histomorphometry are consistent with those of pre-
vious studies showing a decreased percent cortical
bone area and an increased percent marrow area as
a result of the decreased periosteal bone formation
and the increased endocortical bone erosion and in-
creased cortical porosity in rats treated with gluco-
corticoids (5, 7, 10, 11, 25). High-dose PSL might
have decreased the periosteal bone apposition and
increased the bone erosion on the endocortical and
intracortical cavity surfaces. Namely, high-dose PSL
reduced the cortical bone gain, enlarged the marrow
cavity, and increased the cortical porosity.

We also tried to evaluate bone formation and re-

sorption. The single and double labeling surfaces,
mineral apposition rate, and bone formation rate
were evaluated after calcein double labeling (4 days
interval). The osteoblast surface, osteoclast surface,
and number of osteoclasts were also evaluated. How-
ever, osteoblasts, osteoclasts, and double labeling
were hardly found in rats belonging to the PSL group
and the PSL + hPTH(1-34) group, and single labeling
was not found in more than half of the rats in these
two groups because of the extremely high-dose of
PSL usage and the subsequent severe suppression of
osteoblast activity after 8 weeks of PSL treatment.
Thus, the effects of hPTH(1-34) on bone formation
and resorption in cortical bone during the early phase
of PSL treatment were considered important.

The intermittent administration of hPTH(1-34)
to rats treated with high-dose PSL attenuated the en-
largement of the marrow cavity, but not the decrease
in the percent cavity area and the increase in percent
cortical areca. These findings suggest that the inter-
mittent administration of hPTH(1-34) acts on the endo-
cortical bone surface without influencing the cortical
porosity and improves the cortical bone geometry in
rats treated with high-dose PSL. However, hPTH(1-34)
did not suppress a reduction in periosteal bone ap-
position.

The intermittent administration of hPTH(1-34)
reportedly restores the cortical BMC and the cortical
bone area of the lumbar spine in ovariectomized rats
(30 ug/kg, 3 times a week) (1) and stimulates bone
formation in trabecular and cortical bone, leading to
positive effects on the mass and structure of the bone
in the lumbar spine or femur of ovariectomized rats
(10 and 90 pg/kg, once a week) (20). Regarding rodent
models of decreased mechanical loading caused by
sciatic neurectomy or tail-suspension, however, the
administration of hPTH(1-34) was found to prevent
trabecular bone loss of the proximal tibial metaphysis
(80 pg/kg, daily or 40 pg/kg, 5 times a week), but not
to restore cortical bone loss of the tibial diaphysis (15,
24). The present study showed that the intermittent ad-
ministration of hPTH(1-34) did not suppress a decrease
in periosteal bone formation and a subsequent decline
in the total tissue areca and cortical area. hPTH(1-34)
may be more responsive to trabecular and endocortical
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bone than to periosteal bone in rodent models with de-
creased bone formation arising from glucocorticoid
treatment or decreased mechanical loading. Probably
because of the severe suppression of osteoblast ac-
tivity on the periosteal surface by high-dose PSL admin-
istration, hPTH(1-34) might not have been able to
counteract the decrease in bone formation on the pe-
riosteal surface significantly and thereby did not sig-
nificantly improve the total tissue area and cortical
area. However, hPTH(1-34) was speculated to im-
prove the imbalance of bone formation and resorp-
tion and to suppress bone erosion on the endocortical
surface during an 8-week experiment period, based
on the results of a phase 3 clinical trial showing that
the intermittent (once weekly) injection of hPTH(1-34)
(teriparatide acetate) increased the serum osteocalcin
level and decreased the urinary cross-lined N-terminal
telopeptides of type I collagen (NTX) level in patients
with osteoporosis (16).

Bone strength indices including stiffness, work
to failure, and ultimate force as well as the x-axis,
y-axis, and polar SSI of the femoral diaphysis dete-
riorated with PSL administration, but hPTH(1-34)
was unable to improve theses indices in PSL-treated
rats, probably because of non-significant altera-
tions in periosteal bone formation, the percent cav-
ity area, and the total tissue area and cortical area.
Bone strength depends on BMD and bone quality,
including both structural and material factors (19).
In the present study, the effect of hPTH(1-34) was
quite small. Substantial anabolic action, and subse-
quent increases in bone size and the BMC and BMD
might have been needed to improve the strength of
cortical bone.

The strength of the present study is that the ef-
fect of the intermittent administration of hPTH(1-34)
on cortical bone geometry was demonstrated for the
first time in rats treated with high-dose PSL. Con-
versely, the study has several limitations. First, we
were unable to evaluate bone formation and resorp-
tion, as discussed above. Thus, the mechanism re-
sponsible for the changes in the cortical bone struc-
ture remains to be confirmed. Second, we did not
evaluate the serum bone turnover markers. Some
clinical studies have demonstrated that osteocalcin
is a sensitive marker of the glucocorticoid-induced
suppression of osteoblast activity (4, 13, 18). Thus,
the effect of hPTH(1-34) on serum bone turnover
markers, including osteocalcin, may be important for
translating the results of our preclinical study into
clinical practice. Thus, further time course studies
are needed to explain the effect of hPTH(1-34) on
cortical bone structure and bone metabolism.

In conclusion, the present study was conducted
to examine the effect of the intermittent administra-
tion of hPTH(1-34) on cortical bone in rats treated

with high-dose PSL. The results of the present study
suggest that the intermittent administration of
hPTH(1-34) improves cortical BMD, acts on the en-
docortical bone surface, and improves cortical bone
geometry in rats treated with high-dose PSL.
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