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Abstract Various animal experiments and human studies
have shown that intermittent injections of parathyroid
hormone (PTH) exert anabolic effects on bone, whereas
continuous PTH treatment decreases the bone mass and
causes hypercalcemia in animals. However, limited data
are available with regard to the effects of a repetitive
regimen of continuous treatments of PTH followed by
periodic withdrawals on the bone metabolism. We inves-
tigated the effects of this regimen by comparing the find-
ings of intermittent and continuous PTH treatments in rats.
Infusions of PTH for 24 h followed by 6-day withdrawal
periods from PTH transiently increased the serum calcium
levels on day 1, but these levels were within the normo-
calcemic range. The repetition of 4 cycles of continuous
PTH infusions followed by PTH withdrawals as well as
intermittent PTH treatment increased the trabecular bone
thickness, osteoblast surface, and bone formation rate.
Continuous PTH infusions followed by PTH withdrawals
also increased the cortical thickness of the femoral diaph-
ysis and the osteoid volume in trabecular bones, whereas
the continuous treatment failed to induce these changes.
These findings suggest that continuous PTH treatment
followed by PTH withdrawal is a potential regimen that
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can induce the anabolic effects of PTH in bone metabolism
without inducing hypercalcemia.

Keywords Parathyroid hormone - Bone mineral density -
Mechanical properties - Intermittent treatment -
Continuous treatment

Introduction

Parathyroid hormone (PTH) regulates bone remodeling
through its action on bone formation as well as bone
resorption. Studies using serum biochemical markers and
bone histomorphometric analysis have shown that both
intermittent and continuous PTH treatments stimulate bone
turnover in trabecular and cortical bones [1-3].

Intermittent PTH treatment, which is administered via
daily injections or daily. short-time infusions, increases
trabecular and cortical bone mass in not only normal rats
[4, 5], but also ovariectomized rats [6]. These studies
revealed that the optimal exposure time and frequency
required to induce anabolic effects through intermittent
PTH treatment are 1 h and 1-3 times per day, respectively
[5, 7]. Many human studies with intermittent PTH injec-
tions also showed apparent anabolic effects on bone mass
and prevention of bone fractures [8]. Although the rec-
ommended dose regimen of Forteo, a potent Food and
Drug Administration (FDA)-approved drug for the treat-
ment of osteoporosis, is once a day by self-administered
injections, compliance with this regimen is moderate
because of high cost and adverse effects such as pain at the
injection sites [9].

To avoid these adverse events, new suitable therapeutic
regimens are required. One possible regimen is extension of
the interval of intermittent PTH injection, but it has not been
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clearly understood whether the elongated injection interval
of PTH treatment induces similar anabolic action with daily
PTH injection under the same total dose of PTH [10]. A
possible alternative regimen is short-term continuous PTH
treatment associated with a long-term withdrawal period. In
this context, continuous PTH exposure by using osmotic
pumps in rats results in hypercalcemia and decreased bone
mass. However, various parameters of PTH treatment regi-
mens, such as the exposure time in the continuous treatment
* and periodic withdrawals, have not been well documented. If
continuous PTH treatment in combination with a relatively
long-term withdrawal period is found to induce an anabolic
effect in bones, an alternative clinical dosing regimen can be
established on the basis of these findings. For example, daily
subcutaneous injections of PTH could be replaced by a
weekly injection of sustained controlled release PTH. This
regimen can decrease the number of injections and may
prevent patients from discontinuing the treatment. Further-
more, sustained pharmacokinetics may be more acceptable
in the oral administration of PTH-mimicking peptides by
using a drug delivery system [11].

In the present study, we conducted experiments to
investigate a new therapeutic regimen of PTH administra-
tion that induces anabolic effects on bone metabolism that
are comparable with those of classical intermittent PTH
administration. We compared the effects of three regimens:
intermittent PTH treatment, continuous PTH treatment, and
repetition of continuous PTH treatments followed by
periodic withdrawals. Here, we show that continuous PTH
administration with periodic withdrawals exerts an ana-
bolic effect on the bone metabolism in rats.

Materials and methods
Chemicals

Synthetic human PTH (1-34) was purchased from the
Peptide Institute (Osaka, Japan) and prepared at an
appropriate dose in a vehicle (10 mM acetic acid, 2% heat-
inactivated rat serum in sterile PBS). Calcein was pur-
chased from Sigma (St. Louis, MO).

Animals

Nine-week-old female Sprague-Dawley rats (Charles River,
Kanagawa, Japan) were used in this study. They were
maintained under 12:12 h light/dark cycles with unrestricted
access to tap water and a standard diet containing 1.2% Ca,
0.9% P, 22% protein, and 6.2 IU vitamin D3 per gram (CRF-
1; Oriental Yeast, Tokyo, Japan). The animals were allowed
to acclimatize for 12 days before the start of the experiment.
The animal studies were performed in compliance with the

@ Springer

standards mentioned in the Care and Management of Labo-
ratory Animals and Relief of Pain (Notice no. 88 of the
Japanese Ministry of Environment, 2006).

Experimental groups

As shown in Table I, the rats were divided into three
groups (intermittent PTH treatment group, continuous PTH
treatment group, and continuous PTH treatment with
withdrawal group) with equal body weight distributions.
Intermittent PTH treatments were administered by subcu-
taneous injections of PTH with a total dose of 40 ng/kg/
week. This group comprised three regimens: PTH injection
(40 ng/kg) once a week (Ix1-PTH), PTH injection
(133 pg/kg) 3 times a week (Ix3-PTH), and vehicle
injection 3 times a week (I-CON). Continuous PTH treat-
ment was conducted by subcutaneous implantation of Alzet
micro-osmotic pumps (Model 1007D; Durect Corp., CA),
which constantly deliver a fluid for 7 days. The Alzet
pumps were aseptically filled with appropriate amounts of
PTH or the vehicle, and the pumps were replaced every
week. This group also comprised three regimens. The first
regimen was continuous PTH treatment with a dose of
0.24 npg/kg/0.5 pl/h (C40-PTH), in which the total dose of
PTH supplement (40 pg/kg/week) was administered. The
second regimen was continuous PTH treatment with a dose
of 1.67 pg/kg/0.5 pl/h (C280-PTH), in which the total dose
of PTH 280 pg/kg/week was administered. This regimen
was used as a positive control for PTH-induced hypercal-
cemia. The third regimen of this group was continuous
treatment with the vehicle (C-CON). Continuous PTH
treatment with withdrawal (PTH-WD) was conducted by
continuous PTH treatment for 24 h through the subcuta-
neously implanted Alzet micro-osmotic pumps (Model

Table 1 Experimental design

Experimental group Total dose  Abbreviations
(ng/kg/
week)
Intermittent
Control 0 I-CON
PTH 40 ng/kg x 1 injection/week 40 Ix1-PTH
PTH 13.3 pg/kg x 3 injections/week 40 Ix3-PTH
Continuous
Control 0 C-CON
PTH 40 ug/kg/week 40 C40-PTH
PTH 280 pg/kg/week 280 C280-PTH
Continuous-withdrawal
Control 0 " CON-WD
PTH 40 pg/kg/24 h 6-day 40 PTH-WD
withdrawal
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1003D), which were removed from the animals 24 h after
the implantation, followed by withdrawal of PTH treatment
for 6 days. In this regimen, the dose of PTH was 1.67 pg/
kg/0.9 pi/h, which is equivalent to 40 pg/kg/24 h. Each
osmotic pump was filled up more than 6 h before
implantation and stored in sterile saline at 37°C so that
pumping could be initiated immediately after implantation.
The total amount of PTH administrated was identical for all
the injection and infusion groups (40 pg/kg/week), except
for the C280-PTH group (280 pg/kg/week).

Serum calcium levels were measured for 1 week during
the various PTH treatments described above. All of the PTH
treatments induced no significant differences in body weight
gain as compared with the control rats (data not shown).

Measurement of serum calcium

Under ether anesthesia, approximately 200 pul of blood was
obtained from the subclavian vein immediately before and
24, 48, 72, and 168 h after implantation or the first injec-
tion of PTH. The blood was centrifuged, and the serum was
stored at —80°C. Total serum calcium was determined
using an automated analyzer (Super Z818; MC Medical,
Tokyo, Japan) and the Calcium E-HA test Wako (Wako
Pure Chemical Ind. Ltd., Tokyo, Japan).

Preparation of bone samples

Calcein (10 mg/kg) was subcutaneously administered to all
rats on the 10th and 3rd days before death. At the end of the
experiment, the animals were anesthetized with diethyl
ether and killed by cardiectomy. The right and left femurs
and the right tibia were removed. The right and left femurs
were stored at —20°C, and the right femurs were analyzed
using dual energy X-ray absorptiometry (DXA) and micro-
computed tomography (uCT), and left femurs were used
for mechanical properties analysis. For bone histomor-
phometry, the tibiae were fixed for 24 h in 10% phosphate-
buffered formalin, which was subsequently replaced with
70% ethanol. Histological sections were obtained as
described below.

Measurement of bone mineral density

The bone mineral density (BMD; mg/cm?®) of the right
femur was measured using DXA (DCS-600EX-IIIR; Aloka
Co. Ltd., Tokyo, Japan) with a scan pitch of 1 mm and a
scan speed of 25 mmy/s.

pCT analysis

For cortical bone analysis, the midpoint of the femur
diaphysis was scanned at a voxel size of 12.5 x 12.5 x

12.5 pm® by using pCT (Scan Xmate-RB090SS150;
ComscanTechno, Kanagawa, Japan) with an X-ray source
of 70 kV/100 pA. The obtained images were reconstructed
and processed using 3D image analysis software (TRI/3D-
BON; RATOC System Engineering, Tokyo Japan). Four
slices (thickness, 50 pm) of bone were examined, and the
mean cortical thickness (um) was measured.

Analyses of the mechanical properties of bones

The cantilever bending strength of the femoral neck was
measured according to a previously described method [12]
by using a mechanical testing machine (EZ-L-1kN; Shi-
madzu, Kyoto, Japan); subsequent data were analyzed
using this machine’s enclosed software package. Before
performing the femoral neck compression test, the femora
were thawed at room temperature. For the test, the femur
was cut at the midpoint of its diaphysis. The proximal part
of each specimen was mounted in methacrylate resin
(OSTRON-II; GC Dental Products Co., Aichi, Japan) to fix
the specimen to the fixation device. The specimen was then
placed on the test apparatus, and a vertical load was applied
to the top of the femoral head by using a stainless steel
cylinder equipped with a small, concave steel cup at its
end. The loading was directed parallel to the femoral shaft.
On the basis of the load-deformation curve, the maximum
load (N), stiffness (N/mm), and energy to fracture (N mm)
were recorded. ' :

Bone histomorphometry

The right proximal tibiae were kept in 70% ethanol and

" prestained with Villanueva bone stain for 72 h. After
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dehydration, they were embedded in methyl methacrylate
(MMA). Frontal sections of the distal tibia (thickness,
5 um) were obtained using a microtome. Histomorpho-
metric analyses of metaphyseal trabecular bone were per-
formed using the histomorphometric system for trabecular
bone (BONE; System Supply, Nagano, Japan). The bone
marrow cavity located 620—-1240 um from the growth plate
closest to the diaphysis and 310 um from both sides of the
endosteum of the cortical bone was examined (field of
view, 310 x 310; magnification, 320).

The following parameters were analyzed according to
standard formulae and nomenclature [13]: bone volume/
tissue volume (BV/TV [%]), trabecular thickness (Tb.Th
[um)]), trabecular number (Tb.N [N/mm)]), osteoblast sur-
face/bone surface (Ob.S/BS [%]), number of osteoclasts/
bone surface (N.Oc¢/BS [N/mm]), bone formation rate/bone
surface (BFR/BS [mm3/mm2/year]), osteoid volume/bone
volume (OV/BV [%]), and mineralization lag time (MIt

[days]).
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