
Introduction

Osteoporosis is an emerging health-care 
issue and socioeconomic threat world-
wide because of the risk of skeletal fragili-
ty and susceptibility to fractures resulting 
from the reduction in bone mass, poor 
bone strength, and microarchitectural 
deterioration in the trabecular and corti-
cal skeleton. Common osteoporotic frac-
tures occur in the hip and spine, which 
are associated with an increasing mortal-
ity rate of 10–20 % [1, 2]. Owing to post-
menopausal estrogen deficiency, the bal-
ance between osteoblastic bone formation 
and osteoclastic bone resorption is broken 
[3, 4]. To date, clinical and experimen-
tal studies have consistently demonstrat-
ed that bone healing in postmenopausal 
osteoporotic women and estrogen deple-
tion-induced osteoporotic animals is re-
markably delayed or impaired [5–7]. Al-
though much emphasis has been placed 
on the treatment of osteoporosis and on 
defect prevention by using biomaterials, 
little research has been conducted on the 
therapeutic effect of drugs during osteo-
porotic defect regeneration.

An exception to this is teriparatide. 
Teriparatide, which is a recombinant 
form of parathyroid hormone 1–34 (rh 
PTH 1–34, PTH), is the only FDA-ap-
proved medicine for curing osteoporo-
sis and stimulating new bone formation. 
PTH can precipitate bone formation; it 
improves the quantity, quality, and densi-
ty of bone by increasing the volume of tra-
becular bone in the hip [8]. Moreover, it 
helps to increase the quantity and densi-
ty of centrum, to enhance bone strength, 
and to fortify the quantity of the femur 

shaft, the cortical thickness, and the max-
imum compressive load thereby notably 
reducing the chance of bone fracture for 
patients suffering from osteoporosis [9–
11]. PTH has been shown in studies to en-
hance: (a) structural allograft healing by 
anabolic effects on new bone formation 
via small-vessel angiogenesis; (b) inhibi-
tion of angiopoietin-2-mediated arterio-
genesis; and (c) enhancement of osteo-
genic differentiation via bone morphoge-
netic protein signaling [12].

The purpose of this study was to ob-
serve the effects of teriparatide on the 
healing of bone defects in ovariectomized 
(OVX) rats.

Materials and methods

Experimental animals

Forty female Sprague–Dawley rats, aged 
3  months and with a body weight of 
230 ± 26 g, were included in this study. 
Animals were kept in cages (four animals 
per cage) under climate-controlled con-
ditions (25 °C, 55 % humidity, alternating 
cycle of 12 h light/12 h dark). Free access 
to tap water and a standard laboratory di-
et containing 1.56 % calcium (Ca2+), 0.8 % 
phosphorus (P), and 800 IU/kg vitamin 
D was permitted. All the animal experi-
ments were conducted in accordance with 
international standards on animal welfare 
as well as being compliant with the Ani-
mal Research Committee of the university.
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Table 1  Micro-CT analysis of newly formed bone in the VOI area of distal femurs from the 
control and PTH groups at 4 and 8 weeks after surgery (data are expressed as mean ± SD; N = 7 
specimens/group

Groups 4 weeks (mg/cm2) 8 weeks (mg/cm2)

PTH 0.152 ± 0.023* 0.183 ± 0.021**

Control 0.131 ± 0.021 0.121 ± 0.023
CT computed tomography, VOI volume of interest, PTH parathyroid hormone, SD standard deviation.
*p< 0.05; **p < 0.001 vs. control group (by one-way ANOVA and Tukey’s post hoc test).

Table 2  Results of the serum analysis of calcium, phosphorus, B-ALP, and CTX (data are ex-
pressed as mean ± SD; N = 7 specimens/group)

4 weeks 8 weeks

PTH Control PTH Control

Calcium (mmol/l) 2.36 ± 2.43** 2.11 ± 3.53 2.41 ± 2.43** 2.10 ± 4.33

Phosphorus (mmol/l) 2.11 ± 1.53** 1.90 ± 4.53 2.17 ± 3.23** 1.89 ± 3.53

B-ALP (ng/ml) 40.13 ± 4.32** 34.02 ± 7.11 52.42 ± 5.31** 32.42 ± 6.61

CTX (U/ml) 0.11 ± 0.02** 0.14 ± 0.01 0.12 ± 0.03** 0.16 ± 0.03

B-ALP bone alkaline phosphatase, CTX C-terminal telopeptide of type I collagen, PTH parathyroid hormone.
*p < 0.05; **p < 0.001 vs. control group (by one-way ANOVA and Tukey’s post hoc test).
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Surgery and treatment

A bilateral ovariectomy (n = 35) or sh-
am operation (n = 5) was performed on 
the animals according to a previous re-
port; 12 weeks later fracture surgery was 
carried out for the establishment of stan-
dard osteoporotic animal models [13, 14]. 
Five randomly selected OVX rats and 
five sham-operated rats were then euth-
anized, and the distal femoral condyles 
were harvested for bone mineral density 
(BMD) evaluation to confirm the estab-
lishment of the osteoporotic animal mod-
el. Subsequently, the rats were divided in-
to two groups: the control group and the 
PTH group. Afterward, femoral cylindri-

cal defects were created, which were stan-
dardized at 3 mm in diameter and 5 mm 
in length, penetrated internally and ex-
ternally, and lay above the distal epiphy-
seal growth plate, as previously described 
[13, 14]. After the bone defect operation, 
all animals from the treatment group were 
injected with PTH (1–34; 30 μg/kg, three 
times a week) from the first postoperative 
day. The dose of PTH was determined ac-
cording to previous experiments in rats 
[13, 15]. After each operation, all rats re-
ceived a subcutaneous injection of bu-
prenorphine (0.06 mg/kg, twice a day) as 
analgesic treatment for three postopera-
tive days.

Fluorochrome labeling and 
specimen collection

In order to obtain the dynamic param-
eters of callus formation and remod-
eling, all animals were labeled fluores-
cently with calcein green subcutaneous-
ly (Sigma–Aldrich Inc., 20 mg/kg) 13 and 
23 days before sacrifice. All fluorescent 
agents were prepared immediately before 
injection and filtered through a 0.45-μm 
filter. At the end of the observation time 
(4 or 8 weeks after defect), animals were 
euthanized by cardiac puncture under 
general anesthesia in the early morning. 
The blood was collected, and serum was 
stored at − 80 °C until use for biochemi-
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Fig. 1 8 a, b Body weight changes over time during the study period in the control and PTH groups. Data are expressed as 
mean ± SD; error bars in the figure are presented as SD, N = 7 specimens/group. *p < 0.05, **p < 0.001 vs. control group (by 
one-way ANOVA and Tukey’s post hoc test). PTH parathyroid hormone, W weeks

 

Fig. 2 8 The overall state of bone regeneration exhibited on micro-CT images and three-dimensional reconstruction of the 
defect area from the PTH (C, D, c, d) and control groups (A, B, a, b) at 4 and 8 weeks after surgery. The red circle represents 
the original extent of the surgical defect. PTH parathyroid hormone, W weeks
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cal assays. After complete excision of soft 
tissues, the bilateral femora were collect-
ed. The left femora were frozen at − 80 °C 
and wrapped in gauze soaked in isotonic 
saline until micro-computed tomography 
(CT) examination.

Micro-CT examination

A micro-CT imaging system (Micro-CT 
50, Scanco Medical, Bassersdorf, Swit-
zerland) was used to evaluate the osteo-
genesis within the defect region. A con-
sistent volume of interest (VOI), located 
in the central 2.5-mm-diameter region 
of the 3-mm-diameter defect was de-
fined to evaluate the level of bone regen-
eration. The mineralized bone tissue was 
differentially segmented with a fixed low 
threshold (value = 184), and the bone vol-
ume fractions (BV/TV), trabecular num-
ber (Tb-N), trabecular thickness (Tb-Th), 
trabecular separation (Tb-Sp), and BMD 
of new bone in the VOI were automatical-
ly collected and analyzed using the built-
in software of the micro-CT according to 
previous reports [13, 14].

Histological and 
fluorescent analyses

Following micro-CT scanning, femo-
ral samples were decalcified in 10 % ED-
TA and embedded in paraffin with the 
long axis parallel to the base plane. Serial 
sections of 5 μm were cut and mounted 
on poly-l-lysine-coated slides and then 
subjected to H&E staining to be used for 
undecalcified histological sections. After 
fixation in 70 % alcohol for 3 days, spec-
imens were dehydrated in graded etha-
nol (80–100 %) and embedded in meth-
yl methacrylate (Technovit 7200 VCL; 
Exact Apparatbau, Nordenstedt, Ger-
many) without decalcification. Follow-
ing this, 10-μm-thick sections were pre-
pared along the internal portions of the 
bone defect using a diamond saw (Lei-
ca SP1600, Germany). The 10-μm-thick 
slices were kept unstained for fluores-
cent observation under a laser confo-
cal scanning microscope (LCSM; Zeiss 
LSM 510, Germany). The fluorescence-
marked callus area and relative miner-
al apposition rate (MAR) were analyzed 
using ZEN 2009 Light Edition software 

(Zeiss, Germany). The relative MAR was 
calculated as the relative ratio of calcein 
green-marked callus areas.

Serum analysis

The serum concentrations of Ca2+ and P 
were determined with a Hitachi 7080 bio-
chemical automatic analyzer (Hitachi, To-
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Abstract
Objective.  This study aimed to investigate 
the effect exerted by teriparatide on the re-
pair of femoral metaphyseal defect in ovariec-
tomized rats.
Method.  Female Sprague–Dawley rats were 
ovariectomized and after 3 months a criti-
cally sized defect of 3 mm in diameter—a 
through-hole bone defect—was drilled in-
to each distal femur of the ovariectomized 
rats. The rats were injected with teripara-
tide (30 μg/kg) parathyroid hormone (PTH) 
in the peritoneum three times per week. Af-
ter 4 and 8 weeks the animals were killed and 
the blood and bilateral femora were harvest-
ed for biochemical analysis, histopathological 
observation, and micro-computed tomogra-
phy (CT) examination.
Results.  The PTH group and control group 
were compared 4  and 8 weeks after surgery. 

PTH increased bone formation in the de-
fect area. Moreover, PTH showed the stron-
gest effects on bone volume per total vol-
ume, trabecular number, trabecular thick-
ness, trabecular separation, and total fluores-
cence-marked new bone area. Additionally, 
the PTH treatment group showed inhibited 
serum concentrations of C-terminal telopep-
tide of type I collagen and enhanced expres-
sion of calcium, phosphorus, and bone alka-
line phosphatase.
Conclusion.  Our findings suggest a positive 
effect of PTH on defect healing in ovariecto-
mized rats.

Keywords
Osteoporosis · Bone defect · New bone · 
Micro-computed tomography ·  
Bone mineralization

Wirkung von Teriparatid auf die Heilung eines Defekts 
der Femurmetaphyse bei Ratten nach Ovarektomie

Zusammenfassung
Ziel.  Ziel war die Untersuchung der Wirkung 
von Teriparatid auf die Heilung bei einem Fe-
murmetaphysendefekt ovarektomierter Rat-
ten.
Methode.  Bei seit 3 Monaten ovarekto-
mierten weiblichen Sprague-Dawley(SD)-
Ratten wurde ein Defekt kritischer Größe von 
3 mm Durchmesser mit einer Durchgangs-
bohrung in jedem distalen Femur der ovarek-
tomierten Ratten erzeugt. Den Ratten wurde 
3-mal pro Woche PTH-Teriparatid (30 μg/kg) 
in das Peritoneum injiziert. Nach 4 bzw. 8 Wo-
chen wurden die Tiere getötet, Blut und die 
Femora beidseits wurden für biochemische 
und histopathologische Untersuchungen so-
wie für eine Mikro-CT-Untersuchung ent-
nommen.
Ergebnisse.  Die Parathormon(PTH)-Gruppe 
und die Kontrollgruppe wurden 4 bzw. 8 Wo-
chen nach der Operation verglichen. Durch 
PTH konnte die Knochenbildung im Bereich 
des Defekts gesteigert werden; dabei wies 
PTH die stärksten Wirkungen auf das Kno-

chenvolumen pro Gesamtvolumen („bone 
volume per total volume“, BV/TV), die Trabe-
kelanzahl, Trabekeldicke, Trabekelseparation 
sowie den gesamten fluoreszenzmarkierten 
Bereich der Knochenneubildung auf. Außer-
dem waren eine Hemmung der Expression 
von CTX (C-terminales Telopeptid vom Typ-I-
Kollagen) sowie eine Verstärkung der Expres-
sion von Kalzium (Ca2+), Phosphat (P) und al-
kalischer Knochenphosphatase („bone alkali-
ne phosphatase“, B-ALP) in der PTH-Therapie-
Gruppe festzustellen.
Schlussfolgerung.  Den Befunden der vor-
liegenden Studie zufolge ist von einem po-
sitiven Effekt von PTH auf die Defektheilung 
bei ovarektomierten (OVX-)Ratten auszuge-
hen.

Schlüsselwörter
Osteoporose · Knochendefekt · 
Knochenneubildung · Mikro-CT · 
Knochenmineralisierung
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kyo, Japan), and the serum concentrations 
of bone alkaline phosphatase (B-ALP) and 
C-terminal telopeptide of type I collagen 
(CTX) were measured using rat enzyme-
linked immunoassay kits. All the samples 
were run in the same assay unless an indi-
vidual value needed to be obtained again.

Statistical analysis

Data are expressed as mean ± standard de-
viation (SD). Statistical analyses were per-
formed using the statistics package SPSS 
19.0 (SPSS, Chicago, Ill.). Multiple com-
parisons between groups were carried out 
using one-way ANOVA and Tukey’s post 
hoc test. The significance level was set at 
0.05 for all analyses.

Results

Animals

Three rats were excluded from analysis 
owing to anesthetic accident, infection, 
or inaccurate defect site. Thus, there were 
27 animals left for evaluation in the two 
groups at each observation time, two rats 
belonging to the PTH group and one be-

longing to the control group. The BMD 
of the distal femurs was measured by 
dual-energy X-ray absorptiometry (Lu-
nar Prodigy Advance, GE Lunar, Mad-
ison, Wis.). The BMD of the distal fe-
murs from the sham-treated and OVX 
groups was 232.47 ± 31.14 (mg/cm2) and 
169.65 ± 27.65 (mg/cm2), respectively. In 
quantitative analysis, the BMD of the dis-
tal femurs from sham-operated rats was 
37.5 % higher than from OVX animals 
(p < 0.05). These results indicate the suc-
cessful establishment of osteoporosis in 
the OVX rats.

Body weight

The body weight of rats in each group be-
fore surgery is shown in . Fig. 1a. There 
was no statistically significant difference 
in the body weights of rats from both 
group 13 weeks before surgery and after 
the first surgery (p > 0.05). As shown in 
. Fig. 1b, 4 weeks after the second sur-
gery, the body weight of the two groups 
increased. Compared with the con-
trol group, the PTH group had a small-
er weight increase, showing a statistical-
ly significant difference (p < 0.05). It could 

be concluded that the rats’ weight in-
creased with time, and the control group 
had a more obvious weight increase.

Micro-CT analysis of osteogenesis 
in femoral defects

A rat model was used to investigate the 
potential of PTH to promote bone heal-
ing. Defects of critical size were drilled in-
to the distal femora; PTH was used in one 
group (. Fig. 2C, c, D, d) while no drug 
was used in the control group (. Fig. 2A, a, 
B, b). The bone-healing process was mon-
itored by micro-CT at 4 and 8 weeks after 
surgery. The PTH group showed evidence 
of newly formed bone around the defect 
after 4 weeks (. Fig. 2, C, c), which was 
continuously replaced by newly formed 
bone after 8 weeks (. Fig. 2, D, d). By con-
trast, only marginal new bone formation 
was observed in the control group even af-
ter 8 weeks (. Fig. 2, B, b).

The BMD of the VOI area continued 
to increase in the treatment group, while 
there was relatively no change in the con-
trol group (see . Table 1). At 4 weeks, 
the BMD of the treatment group and of 
the control group increased by 12.39 % 
(p = 0.020); however, at 8 weeks, the BMD 
of the treatment group had increased by 
35.76 % (p < 0.001).

At 4 and 8 weeks after the second sur-
gery, the volume fraction (BV/TV), thick-
ness (Tb-Th), quantity (Tb-N), and de-
gree of separation (Tb-Sp) of the upper 
trabecular bone of the right femur were 
measured (see . Fig. 3). The BV/TV, Tb-
Th, and Tb-N values of the PTH group 
were all higher than those of the control 
group both at 4 and at 8 weeks after sur-
gery. The Tb-Sp of the trabecular bone in 
the PTH group was lower than that of the 
control group (statistically significant dif-
ference, p < 0.05).

Histological observation 
and analysis

The morphology of bone healing con-
ducted by PTH was further investigated 
via a detailed qualitative histological anal-
ysis as shown in . Fig. 4. The treatment 
group showed new woven bone growth 
following the surrounding defect origi-
nating from the existing trabecular bone 
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at the bottom and lateral wall of the defect 
(. Fig. 4A, a). At this stage of healing, most 
of the defect still existed. . Fig. 4B and b 
show the results of healing in the two 
groups after 8 weeks. In the control group 
(. Fig. 4b), most sections showing bone 
formation were limited and confined to 
the margins of the defect with no sections 
showing any bone formation in the cen-
ter of the defect. Furthermore, all sections 
showed (. Fig. 4B) that new bone extend-
ed from the margins of the defect and in-
to the middle of the defect. Undecalcified 
specimens were observed for new bone 
mineralization in each group (. Fig. 4C, 
c). The rate of new bone mineralization of 
each group is shown in . Fig. 4. The dis-
tance strip marked by yellow and green in 
the PTH group was greater than the con-
trol group. Results showed that the miner-
alization rate of the PTH group was higher 
than that of the control group. This indi-
cates that PTH can strengthen the miner-
alization of bone tissue in zones of defect.

Serum analysis of bone 
metabolic markers

Serum levels of Ca2+, P, B-ALP, and CTX 
were measured to evaluate bone forma-
tion and resorption activity under PTH 
treatment (. Table 2). At 4 and 8 weeks, 
PTH treatment increased Ca2+ levels by 
11.8 and 14.8 %, P levels by 11.9 and 14.6 %, 
and B-ALP levels by 17.9 and 61.7 %, re-
spectively; PTH treatment decreased CTX 
levels by 27.3 and 33.5 %, respectively 

(p < 0.05), when compared with the con-
trol group (p > 0.05).

Discussion

Owing to their fast generation and low 
cost, their easy and safe handling, their 
reliable reproducibility, and their simi-
larities to pathophysiological responses 
in postmenopausal cancellous bone loss, 
OVX rats were often used for osteoporot-
ic models to represent the process that oc-
curs in the presence of cytokines or hor-
monal factors [16, 17]. A study using a 
successfully developed rat model exam-
ined parameters of bone change and re-
ported that changes in the femur are the 
most obvious [18]. Therefore, the femur 
was selected as a subject in experiments. 
Currently, the treatment of bone defects 
involves implantation of bone tissues or 
biomaterials. Although good results have 
been achieved with this method, osteopo-
rosis continues to pose a problem, making 
surgery inevitable and causing consider-
able damage for the patient. For these pa-
tients, it is important to use a method that 
heals the defect while at the same time 
treating the osteoporosis and promoting 
repair of the bone defects. Some studies 
show that PTH increases bone deposition 
and increases the amount and thickness 
of the trabecula by improving the quan-
tity of recreation units. All these findings 
are based on intramembranous ossifica-
tion [19, 20].

The bone remodeling process in this 
osteoporotic defect model remains un-

clear. A recent study showed that an os-
seous femur defect created in osteoporot-
ic mice resulted in bone healing primari-
ly by intramembranous ossification [21]. 
Histological results revealed that trabec-
ular bone tissue surrounded with abun-
dant osteoblastic cells and traces of car-
tilage matrix mainly locates at the periph-
eral regions of defects treated with PTH. 
The results of the control group demon-
strated an increase in oval vacuolar adipo-
cytes. This finding may suggest an activat-
ed remodeling process involving both in-
tramembranous and endochondral ossifi-
cation [22]. In osteoporosis, bone resorp-
tion outweighs bone formation. In this 
study, H&E, micro-CT, and tissue spec-
imens were examined and it was found 
that PTH can stimulate recreation of cal-
lus and formation of new cortical bone so 
that bone repair is accelerated.

It was verified by our experiments 
that intermittent injection with a low 
dose of PTH not only treats osteoporo-
sis but also improves repair of bone de-
fects. It has been statistically shown that 
when disuse osteoporosis occurs, PTH–
Vitamin D3 (Vit D3) is restrained, while 
PTH, 1,25(OH)2Vit D3, and renal cAMP 
concentrations drop. Surprisingly, osteo-
porosis does not happen to animals living 
through long hibernation; studies show 
that the PTH level does not drop in this 
course [23, 24].

Bone histomorphometry is the gold 
standard for the quantitative analysis and 
description of bone microstructure in-
cluding the trabecular area, trabecular 

Fig. 4 9 Undecalcified his-
tological sections (A, B, a, 
b), stained with H&E (× 10), 
and undecalcified sections 
observed under a laser 
confocal scanning micro-
scope (C, c) showing cal-
cein green-marked callus 
(× 200, red arrows calcein 
green-marked strip)
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thickness, trabecular separation, trabecu-
lar number, and the number of pores, etc. 
[25, 26]. In this study, we used micro-CT 
through three-dimensional reconstruc-
tion of the defect area to observe the sit-
uation of new bone tissue more clearly. 
Our results show that there was abundant 
formation of new trabecular bone as well 
as higher BV/TV, Tb-N, and Tb-Th and 
lower Tb-Sp in the treatment of bone de-
fects after PTH, suggesting there is a close 
link between the two. The control group, 
on the other hand, had a small amount of 
trabecular bone contact and no close link 
with the other bone parameters, similar 
to the findings of previous studies of os-
teoporotic fractures in rats [7, 27]. This 
may be why the healing of bone damage 
is closely related to the quantity of trabec-
ular bone.

Conclusion

The results of this study indicate that 
PTH had a strong effect on defect heal-
ing in OVX rats. PTH produced the stron-
gest effects on defects in BV/TV, Tb-N, Tb-
Th, and Tb-Sp (at 4 and 8 weeks), as well 
as on Ca2+, P, B-ALP, and CTX. Histologi-
cal and micro-CT investigations showed 
differences between the PTH group and 
the control group. Although our study 
did not examine whether an intermittent 
supply of low-dose PTH can accelerate 
bone defect repair from a biochemical 
point of view, our findings indicate that 
PTH can facilitate repair of bone defects 
in osteoporosis and it may be a promis-
ing method for treating this condition.
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