
ORIGINAL ARTICLE

The effects of combined human parathyroid hormone (1-34)
and zoledronic acid treatment on fracture healing
in osteoporotic rats

Y. F. Li & C. C. Zhou & J. H. Li & E. Luo & S. S. Zhu &

G. Feng & J. Hu

Received: 6 June 2011 /Accepted: 8 August 2011 /Published online: 3 September 2011
# International Osteoporosis Foundation and National Osteoporosis Foundation 2011

Abstract
Summary Ovariectomized (OVX) rats with tibial fracture
received vehicle, ZA, PTH, or ZA plus PTH treatment for 4
and 8 weeks. Bone metabolism, callus formation, and the
mass of undisturbed bone tissue were evaluated by serum
analysis, histology, immunohistochemistry, radiography,
micro-computerized tomography, and biomechanical test.
Introduction Previous studies have demonstrated the effect
of ZA or PTH on osteoporotic fracture healing. However,
reports about effects of ZA plus PTH on callus formation of
osteoporotic fracture were limited. This study was designed
to investigate the impact of combined treatment with ZA
and PTH on fracture healing in OVX rats.
Methods Twelve weeks after bilateral ovariectomy, all rats
underwent unilateral transverse osteotomy on tibiae. Ani-
mals then randomly received vehicle, ZA (1.5 μg/kg
weekly), PTH (60 μg/kg, three times a week), or ZA plus
PTH until death at 4 and 8 weeks. The blood and bilateral
tibiae of rats were harvested for evaluation.
Results All treatments increased callus formation and
strength other than the control; ZA + PTH showed the
strongest effects on percent bone volume (BV/TV), trabec-
ular thickness, total fluorescence-marked callus area, and
biomechanical strength. Additionally, inhibited RANKL
and enhanced osteoprotegerin expression were observed in
the ZA + PTH group. But no difference in bone mineral
density and BV/TV of the contralateral tibiae was observed
between treated groups.

Conclusion Findings in this study suggested an additive
effect of ZA and PTH on fracture healing in OVX rats, and
this additive effect was specific to callus formation, not to
undisturbed bone tissue.
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Introduction

Due to excessive bone resorption and deficient bone forma-
tion, osteoporotic bodies with fracture are usually subject to
depressed callus quality and prolonged healing time, even
nonunion [1–4]. Consequently, there has been interest in
treatments that could enhance callus formation and shorten
healing time on osteoporotic fracture. Since imbalanced bone
turnover is the main reason for deteriorated fracture healing
in osteoporotic bodies, various anti-resorptive or anabolic
drugs have been investigated to inhibit excessive bone
resorption or promote new bone formation during fracture
healing, such as estrogen, selective estrogen receptor modu-
lators, calcitonin, bisphosphonates (BPs), and intermittently
administered human parathyroid hormone (PTH) [5–8].
Although the exact mechanism of how osteoporosis influen-
ces fracture healing is still unclear, anti-catabolic drugs have
been demonstrated to increase callus volume, bone mineral
density (BMD), and biomechanical strength at the early
healing period based on the inhibition of bone resorption [9,
10]. The anabolic drug PTH could increase bone remodeling
with a greater effect on bone formation than bone resorption
and lead to increased bone mass and improved bone
microarchitecture [11, 12], and it has also been reported to
enhance fracture healing in both intact and ovariectomized
(OVX) rats [13, 14], and in postmenopausal women [15].
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PTH, which could directly stimulate bone formation, is
currently the only Food and Drug Administration-approved
anabolic agent for osteoporosis treatment. But the anabolic
effect of PTH may reach its plateaus over time, and the
withdrawal of PTH is reported to cause bone resorption in rats
[16, 17], while the anti-resorptive drug BPs, although potent
in preserving bone mass, also eventually reduce bone
formation because of overall bone turnover decreases [18].
Thus, both anti-resorptive and anabolic compounds seem to
be oversimplified, and it leads to the plausible hypothesis
that combined use of anabolic PTH and anti-resorptive BPs
may have additive effects on callus formation in osteoporotic
fracture, namely to inhibit excessive bone resorption and
stimulate new bone formation simultaneously.

The purpose of this study is to observe the effects of
combined treatment with zoledronic acid (ZA) and PTH on
fracture healing in OVX rats. Four and 8 weeks after
different drug treatments, the systemic bone metabolism
condition and local callus healing were evaluated by serum
analysis, histology, immunohistochemistry, fluorescent la-
beling, radiology, and micro-computed tomography (micro-
CT) assessment. The undisturbed tibiae were also analyzed
by histology, dual energy X-ray absorptiometry (DXA), and
micro-CT to determine whether the effects of different
treatments were specific to callus formation or to all bone
tissue.

Materials and methods

Experimental animals

One hundred forty-five female Sprague Dawley rats, aged
3 months with the body weight of 250±33 g, were included
in this study. Every four animals were kept in one cage with
climate-controlled conditions (25°C, 55% humidity, 12 h of
light alternating with 12 h of darkness). Free access to tap
water and standard laboratory diet containing 1.56%
calcium, 0.8% phosphorus, and 800 IU/kg vitamin D were
permitted. All the animal experiments were conducted in
accordance with international standards on animal welfare
as well as being compliant with the Animal Research
Committee of the university.

Establishment of osteoporotic model

After bilateral ovariectomy (n=140) or sham operation
(n=5) according to a previous report [19], 12 weeks were
allowed to pass before fracture surgery for the establish-
ment of standard osteoporotic animal models. Then five
randomly selected OVX rats and the five sham-operated
ones were euthanized, and the tibial metaphysis was
harvested for BMD, micro-CT, and histological evalua-

tion to confirm the establishment of osteoporotic animal
model.

Fracture surgery

All the OVX rats left underwent unilateral transverse
osteotomy on the proximal tibiae. The operation was
performed under general anesthesia and sterile conditions
as previously described [20]. Briefly, a transverse osteot-
omy was made at the proximal diaphysis at the junction of
the proximal one third and distal two thirds of the right tibia
(Fig. 1a (a)); then the patella was deflected laterally, and a
hole was drilled through the intercondylar eminence of the
tibia. Afterwards, fracture fragments were contacted, and a
stainless steel wire (1.0 mm in diameter) was inserted
through the hole across the fracture ends (Fig. 1a (b)). X-
ray analysis (RadSpeed M CH with FPD; SHIMADZU
Corporation) was performed to assess the location and
quality of fractures immediately after surgery (Fig. 1a (c)).
All the animals received an intramuscular antibiotic and
analgesic injection for 3 postoperative days. Unrestricted
activity was allowed after the rats woke up from anesthesia.

Pharmaceutical treatment

After fracture operation, all animals were randomly divided
into four groups, and the pharmaceutical interventions
commenced from the first postoperative day through the
following subcutaneous injections: vehicle (control); ZA
(Novartis Pharma AG, Switzerland), 1.5 μg/kg, weekly
(group ZA); human PTH 1-34 (Bachem, Torrance, CA),
60 μg/kg, three times a week (group PTH); ZA (1.5 μg/kg,
weekly) plus PTH (60 μg/kg, three times a week) (group
ZA + PTH). The doses of PTH and ZA were determined
according to previous experiments where they showed
protective effects in OVX rodent models [21, 22]. During
treatment, the body weight of the animals was measured
weekly, and the drug dosage was adjusted accordingly.

Fluorochrome labeling

In order to obtain dynamic parameters of callus formation
and remodeling, alizarin red (Sigma–Aldrich Inc., Saint
Louis, MO, USA; 20 mg/kg) and calcein green (Sigma–
Aldrich Inc., 20 mg/kg) were injected subcutaneously at 4
and 7 weeks post-fracture, respectively. All fluorescent
agents were prepared immediately before injection and
filtered through a 0.45-μm filter.

Animal sacrifice and specimen collection

At the end of the observation time (4 or 8 weeks after
fracture), animals were euthanized by cardiac puncture
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under general anesthesia in the early morning. The blood
was collected, and serum was stored at −80°C until use for
biochemical assays. After complete excision of soft tissues,
the intramedullary pins were removed from fractured tibiae
before evaluation. Eight weeks after fracture, the contralat-
eral tibiae were also harvested for assessment.

Micro-CT examination

For micro-CT analysis, the fractured tibiae (n=6/group)
were prepared into 10-mm-long blocks with callus and kept
in 70% ethanol. These specimens were scanned on a μCT
system (μCT 80 scanner, Scanco Medical, Bassersdorf,
Switzerland) and reconstructed with an isotropic voxel size
of 10 μm for a detailed qualitative and quantitative
evaluation. The scanning system was set to 55 kV,
145 μA, and 700 ms integration time, and the scanned
region included 1,000 images with a resolution of 2,048×
2,048 pixels. The constrained 3-D Gaussian filter (σ=1.2,
support=1) was used for partial image noise suppression.
The callus volume of interest (VOI) was defined as the
newly formed bone tissues, and the medullary canal volume

and the original bone tissue were excluded from evaluation
according to previous reports [23]. After segmentation, the
following parameters were quantified within the VOI: bone
volume (BV), percent bone volume (BV/TV), and mean
trabecular thickness (Tb.Th).

Fracture site BMD measurement

After micro-CT evaluation, the BMD (milligrams per square
centimeter) of callus (n=6/group) was assessed using Lunar
iDXA (GE Healthcare Lunar, USA), with the hand regional
high-resolution and small-animal scan mode. The fractured
tibiae were placed in deionized water with the same position
for X-ray scan. The region of interest (ROI) was chosen as a
longitudinal rectangle covering the whole callus area, with
the transverse fracture line right-angled in center. After
scanning, BMD values were obtained for statistical analysis.

Histological and fluorescent analysis

After radiological analysis, the fractured tibiae (n=6/group)
were used for undecalcified histological sections. After

Fig. 1 ATransverse osteotomy was made at the proximal one third of
the right tibia before fixation. The black arrows show the fracture gap
(a) and fracture line after fixation using the intramedullary pin (b), and
the white arrow indicates the intramedullary pin used for fracture
fixation (a). The location and quality of fracture were assessed by
radiography immediately after surgery, and the arrow shows the

fracture line (c). B Scheme of the study design and animal number at
different experimental stages. c Histological sections (hematoxylin and
eosin staining; magnification, ×100; the scale bar represents 200 μm)
through the sagittal plane and micro-CT images from 2 mm below the
growth plate of the contralateral tibial metaphysis; the scale bar
represents 1 mm
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fixation in 70% alcohol for 3 days, specimens were
dehydrated in graded ethanol (80–100%) and embedded in
methylmethacrylate (Technovit 7200 VCL; Exact Apparat-
bau, Nordenstedt, Germany) without decalcification. Five-
and 10-μm-thick sections were prepared along the coronal
plane of tibiae using a diamond saw (Leica SP1600,
Germany). Finally, the 5-μm-thick sections through the
central portion of the calluses were stained in 1% toluidine
blue. The 10-μm-thick slices were kept unstained for
fluorescent observation under a laser confocal scanning
microscope (LCSM; Zeiss LSM 510, Germany). The
fluorescence-marked callus area and relative mineral appo-
sition rate (MAR) were analyzed by ZEN 2009 Light Edition
software (Zeiss, Germany). The relative MAR was calculated
as the relative ratio of calcein green- and alizarin red-marked
callus areas [24, 25].

Biomechanical testing

Before biomechanical test, the fractured tibiae (n=6/group)
were taken out of the freezer and allowed to thaw completely
at room temperature. Three-point bending test on the
fractured calluses was performed by a commercial material
testing system (Instron 4302; Instron, Norwood, MA, USA)
as previously described [26]. Briefly, the tibia was placed on
two lower support bars 1.5 cm apart in a repeated position,
and the central part of the callus was defined as the testing
area. The compressing force was then exerted on the callus at
the speed of 1 mm/min until breakage. The ultimate load at
failure (newtons, maximum force that the tibia could bear)
and the stiffness (newtons per millimeter, slope of the load-
deflection curve from the linear part) were calculated from
the load-deflection curve recorded by a connected computer.

Serum analysis

Serum measurements of osteocalcin (OCN) and tartrate-
resistant acid phosphatase (TRAP) 5b were performed to
study the serum levels of osteoblastic and osteoclastic
markers. Eight serum samples from each group at 4 or
8 weeks were analyzed. Serum levels of OCN were assayed
using a rat OCN immunoradiometric assay kit (Immutopics,
San Clemente, CA), and the TRAP 5b was measured by
ELISA (SBA Sciences) according to a previous report and
the manufacturer's instructions [27].

Immunohistochemistry

For immunohistochemical evaluation of osteoprotegerin
(OPG) and receptor activator of nuclear factor kappa B
ligand (RANKL) expression, specimens (n=3/group) were
fixed in 4% buffered formaldehyde for 2 days at room
temperature, then decalcified in ethylenediaminetetraacetic

acid (changed every 3 days) for 4 weeks. Decalcified
tissues were then washed, dehydrated in gradient alcohol,
embedded in paraffin wax, and cut into 4-μm-thick sections
along the coronal plane of the tibia. Immunohistochemical
localization of OPG and RANKL was carried out using
commercially available antibodies according to the manu-
facturer's suggested protocol (Abcam, Hong Kong). Nega-
tive controls were obtained by omitting the primary
antibody. Stained sections were examined qualitatively
under light microscopy (Eclipse 80i, Nikon, Japan) with a
digital camera.

Assessments of the contralateral tibiae

In order to investigate whether the effects of different
treatments were specific to callus formation or to all bone
tissue, the contralateral tibial metaphysis was analyzed by
iDXA, micro-CT, and histology. For iDXA examination (n=
10/group), the ROI was defined as a longitudinal rectangle
covering 1 cm of the tibial metaphysis. In micro-CT
evaluation (n=10/group), the VOI was chosen as 500 slices
(10 μm/slice) from the growth plate, and BV/TV was
analyzed quantitatively. For histological assessment (n=5/
group), sagittal decalcified sections through the central
portion of the tibial metaphysis were made and stained with
hematoxylin and eosin.

Statistical analysis

Data were expressed as mean ± standard deviation (SD).
Statistical analyses were performed using the statistics
package SPSS 13.0 (SPSS, Chicago, IL, USA). Multiple
comparisons between groups were carried out using one-
way ANOVA and Tukey's post hoc test. The significance
level of 0.05 was applied for all analyses.

Results

Animals

Fifteen rats in total were excluded from analysis due to
anesthetic accident, infection, fracture fixation, or inaccu-
rate fracture site, and there were 15 animals left for
evaluation in each group at each observation time (Fig. 1b).

Confirmation of osteoporosis

The histological and micro-CT images of the tibial
metaphysis were presented in Fig. 1c. Compared to sham-
operated animals, the bone mass was reduced, and the
trabecular microarchitecture was destroyed markedly in
OVX rats. In quantitative analysis, the BMD and BV/TVof
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proximal tibiae from sham-operated rats were 27.5% and
35.6% higher than those of OVX rats (t test, p<0.05, data
not shown). These results confirmed the establishment of
osteoporosis in OVX rats.

Micro-CT evaluation

The coronal and transverse micro-CT slices through the
central part of the callus clearly depicted the effects of
different treatments on callus formation qualitatively
(Fig. 2a). The quantitative results were expressed as BV,
BV/TV, and Tb.Th (Fig. 2b). At 4 weeks, ZA and ZA +
PTH showed increased BV than the control and PTH (p<
0.05), while no difference in BV/TV was observed between
treated groups (p>0.05). At 8 weeks, ZA revealed the
highest values of BV (p<0.05), while ZA + PTH exhibited
the strongest effect on BV/TV (p<0.05). Moreover, ZA +
PTH treatment presented the strongest effect on Tb.Th at
both 4 and 8 weeks (p<0.05).

Fracture site BMD assessment

Results of callus BMD by iDXA were presented in Fig. 2c.
All the treated groups showed significantly increased BMD
than the control at 4 weeks post-fracture (p<0.05), but no
significant difference was found between treated groups. At
8 weeks after fracture, callus BMD from the control was
still the lowest; ZA and ZA + PTH showed similar callus
BMD, but both were higher than that of PTH (p<0.05).

Histological and fluorescent analysis

Undecalcified histological images were exhibited in Fig. 3a.
At 4 weeks, more calluses were observed in the ZA + PTH
group compared to ZA or PTH alone; at 8 weeks, callus
size was similar in the control, PTH, and ZA + PTH group,
but that in the ZA group seemed to be larger.

In fluorescent analysis (Fig. 3b and Fig. 4a), ZA showed
the largest alizarin red-marked callus area (95.3% higher

Fig. 2 A The coronal and transverse micro-CT slices through the
center of the callus; groups under different treatments and the
observation time were labeled in the figure. The scale bar represents
2 mm. B Quantitative results of micro-CT analysis expressed as BV,
BV/TV, and Tb.Th. C Result of BMD by iDXA examination. Data

were expressed as mean ± SD; error bars in the figure are presented as
SD, n=6 specimens/group. *p<0.05 vs. control group, #p<0.05 vs.
ZA group, $p<0.05 vs. PTH group (by one-way ANOVA and Tukey's
post hoc test)
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than the control, p<0.05), but ZA + PTH exhibited the
highest values of calcein green- and total fluorescence-
marked callus areas (p<0.05). ZA + PTH and PTH alone
showed similar relative MAR, which was increased by 60%
and 48% compared to the control, respectively (p<0.05).
ZA alone revealed the lowest relative MAR, which was
decreased by 41% compared to that of the control (p<0.05).

Biomechanical test

Results of biomechanical test of fractured tibiae were
expressed as ultimate load and stiffness (Fig. 4b). From 4
to 8 weeks post-fracture, the biomechanical strength
increased with time in all groups. At each observation
time, the strongest effects on strength of fractured tibiae

were observed in the ZA + PTH group (p<0.05). Compared
to the control, ZA + PTH increased the ultimate load by
2.6- and 1.3-fold, and the stiffness by 1.1- and 0.6-fold at 4
and 8 weeks post-fracture, respectively (p<0.05).

Serum analysis of bone metabolic markers

Serum levels of OCN and TRAP 5b were measured to
provide an evaluation of bone formation and resorption
activity after fracture under PTH and/or ZA treatment
(Fig. 4c). At 4 and 8 weeks, PTH increased OCN levels by
38.9% and 49.6%, respectively (p<0.05); ZA decreased
OCN levels by 37.3% and 36.9%, respectively (p<0.05),
while ZA + PTH displayed similar OCN levels when
compared to the control (p>0.05). For analysis of TRAP 5b

Fig. 3 A Undecalcified histological sections, stained with toluidine
blue, of the coronal plane through the center of calluses (magnifica-
tion, ×40); the scale bar represents 2 mm. B Undecalcified sections
observed under a laser confocal scanning microscope showing the

alizarin red (injected at 4 weeks after fracture)- and calcein green
(injected at 7 weeks post-fracture)-marked callus (magnification, ×50);
the scale bar represents 2 mm
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levels, ZA decreased them by 56.7% and 59.7%, and ZA +
PTH reduced them by 53.3% and 54.8% at 4 and 8 weeks
compared to the control (p<0.05). PTH alone showed
similar TRAP 5b levels to the control at 4 weeks, but
40.3% higher TRAP 5b levels than the control at 8 weeks
(p<0.05).

Immunohistochemical evaluation of OPG and RANKL

Immunohistochemical reactivity for OPG and RANKL was
detected in the cytoplasm and plasma membranes of
osteoblasts, bone marrow lining cells, newly embedded
osteocytes in the callus, especially in osteoblasts on the
surface of newly formed trabeculae (Fig. 5). No positive
staining was observed when the primary antibody was

omitted (data not shown). Strong reactivity of RANKL was
observed in the control and PTH groups, which was slightly
(4 weeks) or markedly (8 weeks) inhibited in the ZA + PTH
group, and almost completely inhibited in the ZA group. At
4 and 8 weeks, PTH and ZA + PTH showed much more
enhanced reactivity of OPG than the control and ZA. This
result indicated that ZA + PTH revealed inhibited RANKL
but enhanced OPG expression simultaneously.

Assessments of the contralateral tibiae

Eight weeks after different treatments, all treatments
increased BMD and BV/TV of the contralateral tibial
metaphysis, but no significant difference was observed
between treated groups (Fig. 6a). The micro-CT images

Fig. 4 A Quantitative results of
the alizarin red- and/or calcein
green-marked callus areas and
relative MAR, n=6 specimens/
group. B Biomechanical results
expressed as ultimate load force
and stiffness, n=6 specimens/
group. C Results of the serum
analysis of osteocalcin and
TRAP 5b, n=8 samples/group.
Data were expressed as mean ±
SD; error bars in the figure
indicate SD. *p<0.05 vs. con-
trol group, #p<0.05 vs. ZA
group, $p<0.05 vs. PTH group
(by one-way ANOVA and
Tukey's post hoc test)
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(Fig. 6b) and histological sections (Fig. 6c) from proximal
tibiae were also exhibited.

Discussion

In this study, ZA + PTH showed stronger effects on fracture
healing than either monotherapy in OVX rats, with the
highest values of BV/TV (8 weeks) and Tb.Th (4 and
8 weeks) in micro-CT evaluation, the retained OCN and
decreased TRAP 5b levels in serum analysis, the strongest
effects on total fluorescence-marked callus area in fluores-
cent analysis, the enhanced OPG and inhibited RANKL
expression in immunohistochemistry, and the strongest
effects on callus strength in biomechanical test. Moreover,
ZA + PTH showed no difference between treated groups in
assessments of the contralateral tibial metaphysis by iDXA,
histology, and micro-CT. These results seemed to indicate
that combined treatment with ZA and PTH had an additive
effect on fracture healing in OVX rats, and this effect was
specific to callus formation, not to all bone tissue.

Concurrent administration of PTH and BPs has been
extensively reported for treatment of osteoporosis or
prevention of fracture in different animal models [28–31]
and postmenopausal women [32, 33]. Results in these

studies indicated that combined treatment did not induce
additive or synergistic effect on bone mass and BMD. In
addition, the anabolic effect of PTH seemed to be
attenuated by BPs when used concurrently, and the effects
of combined treatment were similar to those of mono-
therapy, or even less than PTH alone. A similar phenomenon
was observed in the present study in the analysis of serum
bone metabolic markers and contralateral tibiae. ZA + PTH
showed similar OCN levels and decreased TRAP 5b levels,
while PTH alone showed increased OCN and TRAP 5b levels
compared to the control. This result seemed to demonstrate
that ZA + PTH inhibited bone resorption but did not promote
bone formation, namely the effects of ZA and PTH did not add
up on systemic bone metabolism. Moreover, ZA + PTH
showed no significant difference between treated groups in
assessments of the contralateral tibial metaphysis by iDXA,
histology, and micro-CT, which indicated that ZA + PTH
showed no additive effect on undisturbed bone tissue.

However, when bone regeneration at the fracture sites
was assessed in the present study, ZA + PTH produced
stronger effects on fracture healing than either monotherapy
in OVX rats, which seemed to suggest the additive effects
of ZA + PTH on callus formation. In this study, ZA induced
the most alizarin red (injected at 4 weeks)-marked callus
but the least calcein green (injected at 7 weeks)-marked

Fig. 5 Immunohistochemical localization and reactivity of RANKL and OPG in the callus at 4 and 8 weeks after fracture (magnification, ×400);
the scale bar represents 100 μm. Control and drug-treated groups and the observation time were presented in the figure
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callus, which meant that ZA retained the most callus
formed at 4 weeks, but inhibited callus remodeling at
7 weeks. On the other hand, ZA + PTH produced the
strongest effect on the calcein green- and total fluorescence-
marked callus, which indicated that ZA did not inhibit the
effect of PTH when applied concurrently. The inhibited
RANKL and enhanced OPG expression in immunohisto-
chemistry and the strongest effects on callus strength in
biomechanical test also suggested the additive effect of ZA
plus PTH treatment.

Why did the PTH plus BP treatment show different
effects on bone mass preservation in undisturbed conditions
and callus formation at fracture sites? The most plausible
explanation may be that the inhibition of overall bone
turnover impairs the anabolic activity of PTH in osteopo-
rotic subjects. Previous studies have indicated that PTH
primarily acts to enhance the function and life span of
mature osteoblasts and might also act to promote osteoblast
differentiation [12, 34]. However, there is little evidence
that PTH can increase the amount of precursor cells. Thus,
when used together with BPs which inhibit bone turnover
and reduce bone formation (directly or indirectly), the PTH

would be less effective because there are fewer osteoblasts
available for it to act on [18]. The inhibited bone resorption
by BPs reduced the number of bone remodeling units,
which is essential for the anabolic action of PTH. However,
situations in bone sites with trauma after fracture were
totally different, where a large amount of osteoblasts
resided in the wound sites. Shirley et al. have demonstrated
that some osteoblasts involved in fracture healing were
systemically mobilized and recruited to the fracture site
from remote bone marrow places, rather than passively
leaked into the circulation and to the bone trauma locality
[35]. Due to the large amount of osteoblasts existing in the
wound sites after fracture, there were adequate target cells
for PTH to work on. In addition, the application of ZA
inhibits the active bone resorption during callus remodel-
ing. Consequently, ZA + PTH in this study induced an
additive effect on fracture healing in OVX rats. This result
was consistent with a previous study about additive effects
of PTH and BPs on bone healing response to metaphyseal
implants in intact rats [36].

It is an interesting question about what contributes to the
increase of fracture healing strength under ZA plus PTH

Fig. 6 A Results of BMD by iDXA and percent bone volume (BV/
TV) by micro-CT from the contralateral tibial metaphysis 8 weeks
after different treatments, n=10 specimens/group. Data were
expressed as mean ± SD; error bars in the figure indicate SD. *p<
0.05 vs. control group (by one-way ANOVA and Tukey's post hoc

test). B Micro-CT images from 2 mm below the growth plate of the
contralateral tibial metaphysis; the scale bar represents 1 mm. C
Histological sections through the central part of tibiae from the sagittal
plane (hematoxylin and eosin staining; magnification, ×100; the scale
bar represents 200 μm)
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treatment. At 4 weeks, the fracture gap was filled with
callus, so callus mass and quality should contribute to the
strength at the fracture site. While ZA and ZA + PTH
showed similar callus BV, BV/TV, and BMD at 4 weeks,
ZA + PTH presented stronger healing strength than ZA. In
order to clarify this issue, we assessed callus micro-
architecture in micro-CT analysis and found that ZA plus
PTH treatment showed higher Tb.Th than ZA. Thus, it
maybe concluded that callus mass, density, and micro-
architecture contributed to fracture healing strength jointly
in the ZA + PTH group at 4 weeks. However, the situation
was different at 8 weeks after fracture when bone union had
formed. Although ZA alone presented the highest BV
value, ZA + PTH still showed the strongest fracture healing
strength, which was related to the highest value of BV/TV,
Tb.Th, and total fluorescence-marked callus area. This
seemed to indicate that callus density, microarchitecture,
and ossification contributed to the fracture healing strength
at 8 weeks after fracture, but callus mass did not at this
stage.

The dose rate at 60 μg/kg (three times a week) of PTH in
this study was similar to that routinely used in rodent
models [37, 38] but much higher than therapeutic dose in
patients (40–100 μg/day) [32, 33]. Thus, the dose of PTH
used in rodent animals is generally 20–100 times higher
than the therapeutic dose used in humans based on body
weight. However, there are very few reports demonstrating
that a dose of PTH similar to a human therapeutic dose
could induce any significant effects on BMD or bone
quality in animals. On the contrary, higher doses of PTH are
generally found to exert significant effects on bone mass or
serum calcium levels [39, 40]. The dose rate at 1.5 μg/kg
weekly of ZA in this study was determined according to a
previous report in OVX rats where excessive bone
resorption was effectively inhibited [21, 41]. For the
application of ZA, a 5-mg once yearly infusion through
intravenous injection was reported for treatment of post-
menopausal osteoporosis in clinical trials [42, 43]. This
dose rate was equal to 1.9 μg/kg weekly by mathematical
computation, which was slightly higher than 1.5 μg/kg
weekly used in the present study. However, weekly
injection of ZA in this study is different from clinical
treatment with a single infusion, so these two different
application methods of ZA may produce different effects on
bone tissue.

Up to now, the mechanism of how osteoporosis impairs
fracture healing has not been completely identified.
Although ZA + PTH in this study produced stronger effects
than either monotherapy on fracture healing in OVX rats
within 8 weeks, longer observation time was needed for
evaluation of the long-term efficiency of combined treat-
ment. Furthermore, the physiological condition is different
between OVX rats and postmenopausal women, so predic-

tion of effects of PTH plus BP treatment on fracture healing
in humans via results from OVX rats should be made
cautiously.

In summary, results from this study indicated that ZA +
PTH held stronger effects on fracture healing than either
monotherapy in OVX rats. ZA + PTH produced strongest
effects on callus BV/TV (at 8 weeks), Tb.Th (4 and
8 weeks), total fluorescence-marked callus area, and callus
strength. ZA + PTH exerted locally inhibited RANKL and
enhanced OPG expression in callus by immunohistochem-
istry. Moreover, ZA + PTH showed no difference between
treated groups in the assessment of the contralateral tibial
metaphysis by iDXA, histology, and micro-CT. These
results seemed to indicate that ZA plus PTH had an
additive effect on fracture healing in OVX rats, but this
effect was specific to callus formation, not to all bone
tissue.
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