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Objective: To evaluate the effects of short-term teriparatide administration on healing of autologous
bone graft in mandibular critical-size defects.
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‘ . Subjects and methods: A 5-mm mandibular bone defect was created and iliac bone graft was harvested in
Available online 23 November 2018

135 rats. Rats were randomly divided into 3 groups of negative control (NC), control (C), and study (S). In
groups S and C, iliac graft was placed in defect and 2 pg/kg/day teriparatide or saline, respectively, was
administered for 20 days. In group NC, iliac graft was not transferred to the defect and saline was injected
for 20 days. Twenty, 40, and 60 days after surgery, 15 rats in each group were euthanized and the healing
process was histologically evaluated and scored using a grading system (1—6).

Results: In group NC, defects did not heal or were predominantly filled with fibrous tissue. At day 20,
bone defects in both C and S groups contained a large area of graft particles, numerous collagen fibers
and some areas of new trabeculae. At the day 40, defects in group S showed a larger bone graft area,
more new bone formation, smaller connective tissue area, and a higher healing score compared to group
C (P < 0.05). At day 60, most of the defect in group S was filled with graft particles and mature bone while
in group C, new trabecular bone formation was still underway (P < 0.05).

Conclusion: Teriparatide therapy improves healing of bone defects reconstructed with autograft by
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reducing bone graft resorption and enhancing new bone formation and maturation.
© 2018 European Association for Cranio-Maxillo-Facial Surgery. Published by Elsevier Ltd. All rights

reserved.

1. Introduction

Defects of the facial bones have a variety of causes, such as
extensive trauma, eradication of pathologic lesions, infections, and
congenital musculoskeletal deformities. Management of large
maxillofacial bone defects represents a great challenge in recon-
structive surgery. Despite the great advances in bone reconstruc-
tion, autogenous bone grafting remains the gold standard for
maxillofacial reconstruction. Autogenous bone graft possess all of
the characteristics required for new bone formation including
osteogenesis, osteoinductivity, and osteoconductivity and does not
cause problems such as compatibility and disease transmission
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(Giannoudis et al., 2005; Khan et al., 2005; Drosos et al., 2007). A
major problem associated with the use of autologous bone graft in
reconstructive surgery is the anticipated graft resorption. The
mechanism of bone resorption after bone grafting is not well un-
derstood. It has been shown that the surgically augmented height
with an autologous bone graft decreased to 60% after 10 months
(Toker et al., 2012; Li et al., 2016). The rate of bone resorption pri-
marily depends on uncoupling of bone resorption and bone for-
mation due to differential activity of osteoblasts and osteoclasts in
the recipient bed and graft (Gordt and Alberius, 1999; Altundal
et al., 2007). To enhance bone formation and minimize bone
resorption in grafted bone defects, a variety of growth factors,
pharmacological agents, and hormones such as bone morphoge-
netic proteins (BMPs), parathyroid hormone (PTH), interferon- v,
bisphosphonates, and platelet rich plasma (PRP) has been used and
evaluated (Altundal et al., 2007; Marukawa et al., 2011; Toker et al.,
2012; Li et al., 2016).
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Teriparatide is the synthetic form of human PTH consisting of the
first 1-34 N-terminal amino acids, which is the bioactive portion of
the hormone (Inomata et al., 1995). Teriparatide is the only anabolic
agent approved by the Food and Drug Administration (FDA) for the
treatment of osteoporosis (Rubin and Bilezikian, 2005; Esbrit and
Alcaraz, 2013). It has been shown that intermittent administration
of teriparatide promotes maturation of circulating osteoblast pre-
cursors, induces differentiation and proliferation of osteoblasts, and
stimulates new bone formation by these cells. It also reduces oste-
oblast and osteocyte apoptosis (D'Amelio et al., 2012; Zandi et al.,
2017). Several studies demonstrated that intermittent administra-
tion of teriparatide improves fracture healing rate and mechanical
strength of bone at the fracture site in animal models (Jahng and
Kim, 2000; Nakajima et al., 2002). Other studies also have shown
that intermittent administration of teriparatide enhances and ac-
celerates graft bone healing in the spinal fusion rat model (Qiu et al.,
2013; Sugiura et al., 2015; Kaito et al., 2016).

So far, there is no information in the published literature about
the effects of intermittent teriparatide administration on healing of
mandibular critical-size defects reconstructed with autologous
bone graft. Because maxillofacial bones are derived from distinct
cell lineage during embryonic development and their reparative
and regenerative capacities are different from other skeletal bones,
the effects of teriparatide therapy on graft healing of maxillofacial
bone defects need to be evaluated exclusively (Zandi et al., 2017).

The present experiment was done to evaluate the effects of
short-term teriparatide therapy on healing of mandibular critical-
size defects reconstructed with autologous iliac bone graft.

2. Material and methods

The protocol of this study was reviewed and approved (IR.UM-
SHA.REC.1396.179) by the Ethics Committee of the Hamadan Uni-
versity of Medical Sciences.

2.1. Animals and experimental groups

The animals used in the present study included 135 naive male
5-month-old Wistar albino rats weighing 325 + 25 g, bred at the
Hamadan University of Medical Sciences. The animals were housed
at 4 rats per cage, in a temperature- and humidity-controlled
environment with food and water supplies ad libitum from two
weeks before the start of the experiment. The rats were randomly
divided into 3 experimental groups of 45 rats each: negative control
(NC) group, control (C) group, and study (S) group.

In each of 135 rats, a 5-mm through and through bone defect
was generated in the body of the mandible and an autologous bone
graft was harvested from the iliac crest. For rats in the S group, the
harvested graft was placed in the mandibular defect and subcu-
taneous injection of 2 pg/kg/day teriparatide (Cinnopar, Cinnagen,
Iran) was started on the day of the surgery and continued for 20
days. The rats in the C group underwent the same surgical pro-
cedure as S group but received normal saline for 20 days. For the
rats in the NC group, iliac graft was harvested but was not placed in
the mandibular defect and normal saline was injected for 20 days.

2.2. Surgical procedures

All surgical procedures were performed under intraperitoneal
general anesthesia using 75 mg/kg of Ketamine hydrochloride
(Rotexmedica, Trittau, Germany) and 7.5 mg/kg of midazolam
(Midazolex, Exir, Iran). The iliac crest was the donor site and the
body of the mandible was the recipient site (operation side was
randomly selected). Following anesthesia, the hair around the
donor and recipient areas was shaved and then vigorously

disinfected using a 10% povidone iodine solution. A 15 mm linear
submandibular incision was made through the skin parallel to the
inferior border of the mandible. After soft tissue dissection, the
periosteum was carefully elevated to expose the mandibular bone.
With a surgical trephine used in a low-speed handpiece and under
continuous irrigation with saline solution, a 5 mm diameter
through and through critical size defect was created in the body of
the mandible just distal to the roots of the last molar tooth (Fig. 1).
After preparation of the recipient site, an approximate 20-mm long
dorsal skin incision was used to expose the iliac crest bone. Using a
rongeur, autologous bone graft was harvested from the iliac crest
and ground with a manual bone crusher and tightly placed into the
mandibular defect (only for rats in groups S and C). Then, the
wounds were sutured in layers. To prevent post-surgical infection
and to control pain, all of the rats received 25 mg/kg cefazolin
(Ancef; Kefzol, 1gr, Razi, Iran) for 7 days, analgesics, and appropriate
basic care. Twenty, 40, and 60 days after surgery, 15 rats in each
group were euthanized using an intraperitoneal injection of
200 mg/kg sodium pentobarbital.

2.3. Histologic processing

Following euthanasia, the hemimandible with bone defect was
harvested and the surrounding soft tissues were dissected and
removed, with care taken not to damage the bone. The 135 har-
vested hemimandibles were fixed in 10% formalin solution, dem-
ineralized with EDTA, and embedded in paraffin to obtain sagittal
serial sections 4 pm thick. The sections were stained with
haematoxylin-eosin (H&E) and two sections from the central area
were selected for histological analysis under light microscopy.

A pathologist who was unaware of group assignments measured
the percentage of connective tissue and regenerated bone and/or
remained graft (RBRG) areas within the confines of the total sur-
gical defect area using a 10 mm x 10 mm eyepiece grid reticule. The
healing process in the defect was scored using the following his-
tological grading system: Grade 1, no healing or healing with
connective tissue; Grade 2, mostly connective tissue with some
RBRG; Grade 3, comparable amounts of connective tissue and
RBRG; Grade 4, predominantly RBRG with some connective tissue;
Grade 5, entirely RBRG and defect distinguishable from surround-
ing uninjured bone; Grade 6, complete repair (defect area indis-
tinguishable from surrounding uninjured bone).

2.4. Statistical methods

All statistical analyses were performed using the Statistical
Package for the Social Sciences (SPSS Inc., Chicago, IL) version 16.0.

Fig. 1. Design of the through and through critical size defect in mandibular bone.
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Datawere expressed as means and standard deviation. After applying
the Kolmogorov—Smirnov test to check the normality assumption, a
one-way analysis of variance followed by Tukey post hoc compari-
sons was made to assess the significance of differences between the
groups. A p-value less than 0.05 was considered as significance.

3. Results

All 135 rats tolerated the experiment well and no postoperative
complication was observed.

The percentage of various tissues and healing score in bone
defect among groups at 20, 40, and 60 postoperative days are
presented in Table 1.

3.1. Day 20 after surgery

In histological evaluation of the mandibular bone defects in the NC
group, either an empty defect or a defect filled with fibrous connec-
tive tissue was seen. Presence of mild bone resorption at the margin
of the defect was a common finding (Fig. 2A). Histological evaluation
of the grafted bone defects in the C and S groups revealed areas of
remaining bone graft particles (39.33% + 7.76% and 44.00% + 9.67%,
respectively) among numerous collagen fibers (53.67% + 8.76% and
43.00% + 17.20%, respectively), and some areas of newly formed
trabecular bone (7.00% + 4.55% and 13.00% + 10.49%, respectively)
(Fig. 2B). Statistical analyses showed that the percentage of connec-
tive tissue, remaining bone graft, and newly formed trabecular bone
and the score of healing in the NC group were significantly (P < 0.05)
different from those in groups C and S. However, no significant dif-
ference between groups C and S was observed.

3.2. Day 40 after surgery

In the NC group, histological findings of the surgical defect at
day 40 after surgery were nearly the same as those observed at day
20; only a negligible newly formed trabeculae was projected from
the defect margin (Fig. 3A). Histological assessment of the
mandibular defect in group C at day 40 showed smaller areas of
remaining bone graft particles (29.67% + 9.35%), more new bone
formation (22.00% + 6.21%), and nearly the same amounts of con-
nective tissue (48.33% + 10.63%) and the same healing score
(3.20 + 0.68) compared with group C at day 20 (Fig. 3B). Histo-
logical evaluation of group S at day 40 showed a larger area of
remaining bone graft (46.67% + 13.05%), more new bone formation
(34.67% + 10.08%), smaller area of connective tissue
(18.67% + 17.67%), and higher healing score (4.00 + 0.76) compared
to group C at day 40 (Fig. 3C). All differences were statistically
significant (P < 0.05).

Table 1

Fig. 2. Histological findings of bone defects at day 20 after surgery. A, in the negative
control group, impaired bone healing and presence of granulation tissue (GT) and
necrotic bone particles (NBP) within the mandibular bone (MB) defect are seen. B, in
the study group (similar to the control group), areas of remaining bone graft (RG) and
connective tissue (CT) and new bone (NB) formation within mandibular bone (MB)
defect are seen. Sections were stained with haematoxylin and eosin.

3.3. Day 60 after surgery

The histological features of surgical defect in the NC group at day
60 after surgery were nearly similar to those observed at days 20
and 40, although a narrow band of new bone formation at the edge

Percentage of various tissues and healing score in bone defect among groups at 20, 40, and 60 postoperative days.

Group No. Connective Tissue Remaining graft and Newly formed Healing score
(Mean + SD) mature bone (Mean + SD) trabeculae (Mean + SD) (Mean + SD)
NC20 15 97.00 + 8.02 0.00 + 0.00 3.00 + 8.02 1.40 = 0.51
NC40 15 87.67 + 11.93 0.00 + 0.00 12.33 + 1043 1.67 + 0.49
NC60 15 85.00 + 9.82 0.00 + 0.00 15.00 + 9.82 1.87 + 0.35
C20 15 53.67 + 8.76 39.33 + 7.76% 7.00 + 4.55% 2.67 + 0.49°
C40 15 48.33 + 10.63* 29.67 + 9.35% 22.00 + 6.217 3.20 + 0.68*
C60 15 19.00 + 9.10? 28.67 + 12.31* 52.33 + 13.87° 4.00 + 0.65%
S20 15 43.00 + 17.20° 44.00 + 9.67° 13.00 + 10.49° 3.27 + 0.80*
S40 15 18.67 £ 17.67%° 46.67 + 13.05 *® 34.67 + 10.08° 4.00 + 0.76%°
S60 15 3.67 £ 5.81% 8133 £ 1922 15.00 + 15.12° 5.07 + 0.59%

2 Statistically significant difference compared with NC group at the same time point (P < 0.05).
b Statistically significant difference compared with C group at the same time point (P < 0.05).
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Fig. 3. Histological findings of bone defects at day 40 after surgery. A, in the negative control group, bone defect is mostly filled with fibrous connective tissue (CT), and a negligible
new trabeculae (arrows) is formed adjacent to defect margin. B, in the control group, defect of mandibular bone (MB) is mostly filled with newly formed bone (NB) and connective
tissue (CT). C, in the study group, relatively larger area of remaining graft (RG) and newly formed bone (NB), and smaller area of connective tissue (CT) are present in the bone defect,

Sections were stained with haematoxylin and eosin.

of the defect was observed. Histological examination of the bone
defect in group C showed that most of the connective tissue inside
the defect was replaced by newly formed trabecular bone. Areas of
remaining graft particles were observed within the defect (Fig. 4A).
Histological examination of the bone defect at day 60 after surgery
showed less connective tissue and new trabecular bone, larger area
of remaining graft particles/mature bone, and higher healing score
in group S (3.67% + 5.81%, 15.00% + 15.12%, 81.33% + 19.22%, and
5.07 + 0.59, respectively) compared to group C (19.00% + 9.10%,
52.33% + 13.87%, 28.67% + 12.31%, and 4.00 + 0.65, respectively)
(Fig. 4B). All differences were statistically significant (P < 0.05).

A comparison of healing process in mandibular bone defect
during the 60 days of study between NC, C, and S groups is pre-
sented in Fig. 5.

4. Discussion

In the present study, the effect of teriparatide on healing of
autologous bone grafted mandibular critical-size defects was
investigated in a rat model and promising results were obtained. It
was demonstrated that the administration of teriparatide for a
short period of time not only reduced the amount of graft resorp-
tion but also enhanced the formation of new bone in mandibular
defects reconstructed with autogenous bone graft. Histological
examination of bone defects 40 days after bone grafting showed
less graft resorption and more new bone formation in teriparatide-
treated rats compared to control rats. Teriparatide is the only FDA
approved anabolic agent currently approved for treatment of
osteoporosis (Rubin and Bilezikian, 2005; Esbrit and Alcaraz, 2013).
Preclinical studies evaluating the effects of teriparatide therapy on
graft healing showed that this agent increased the strength and
bone mineral content of the various bone grafts (Abe et al., 2007;

Hashimoto et al.,, 2007; Reynolds et al., 2011). Increased bone for-
mation following teriparatide therapy might be primarily due to
inducing the maturation of circulating osteoblast precursors and
differentiation of lining osteoblasts leading to an increase in oste-
oblast number, prevention of osteoblast apoptosis, enhanced
mineral apposition rate and osteoblast activity, and improvement
of bone microarchitecture (Dobnig et al., 1995; Schmidt et al., 1995;
Jilka et al, 1999; Pettway et al., 2008; Sugiura et al, 2015).
Continuous versus intermittent administration of PTH has different
effects on osteogenesis and osteoclastic activity; while the former
results in net bone resorption, the latter causes a net increase in
bone deposition. In the same line, several in vitro studies have
shown that intermittent PTH inhibits osteoblast apoptosis but has
no effect on osteoclast numbers. In contrast, continuous elevation
has no effect on osteoblast apoptosis but actually increases osteo-
clast numbers. PTH also affects cortical and cancellous bone
differently. It has a greater anabolic effect on cancellous bone than
on cortical bone (Jilka et al., 1999; Bellido et al., 2003; Skripitz and
Aspenberg, 2004; Rowshan et al., 2010).

The effects of teriparatide on healing of bone graft have only
recently been investigated. Several studies have shown that inter-
mittent administration of teriparatide in animal models of spinal
fusion led to an enhanced quantity of the fusion callus and accel-
eration of spinal fusion (Ming et al., 2012; Qiu et al., 2013; Sugiura
et al,, 2015). However, the dose of teriparatide used in previous
bone graft and fracture healing preclinical studies was tens or
hundreds of multiples of the clinical doses (20 pg/day) in indicated
and off-label uses. Those studies suggested that only high doses of
teriparatide were effective in enhancing fracture repair, graft
osseointegration and biomechanics in rodents while the lower
doses did not provide any benefit (Andreassen et al., 1999;
Komatsubara et al., 2005; Takahata et al., 2012).
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Fig. 4. Histological findings of bone defects at day 60 after surgery. A, in the control
group, a large area of newly formed trabecular bone (NB) and small areas of remaining
graft (RG) and connective tissue (CT) are observed within the defect of mandibular
bone (MB). B, in the study group, defect of mandibular bone (MB) is mostly occupied
with grafted and mature bone (GMB). Sections were stained with haematoxylin and
eosin.

In the current experiment, a dose of 2 pg/kg/day of teriparatide
was administered to rats, which closely approximates the human
therapeutic dose rate for treatment of osteoporosis (Zandi et al.,
2018). The rationale for choosing 2 pg/kg/day dose of teriparatide
in the present experiment was based on the findings of previous
studies demonstrating that teriparatide doses of 5 pg/kg in rats
resulted in three time the systemic exposure seen with a clinical
dose of 20 pg (Eli Lilly and Co, 2002). Because the embryonic origin,
bone turnover, and mechanism of healing and regeneration in
mandibular bone is different from other skeletal area, their
response and sensitivity to teriparatide therapy might be different.
This may explain why lower doses of teriparatide enhanced graft
healing in the current study but was reported to be ineffective in
the orthopedic literature. Similarly, a study by Rowshan et al. (2010)
showed evidence that a low dose of PTH administration might
improve the healing process in a rat mandibular fracture model.

In the present study, histological evaluation of grafted bone
defect at day 60 after surgery showed that the defect area in
teriparatide-treated rats was completely filled with grafted parti-
cles and mature bone while the bone defect in control rats was
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Fig. 5. Comparison of healing process in mandibular bone defect between groups
during 60 days after surgery. The healing score was significantly (P < 0.05) different
between all groups except between C and S groups at the day 20 after surgery.

mostly occupied with new trabecular bone and some connective
tissue. This finding indicated that intermittent teriparatide
administration influenced both modeling and remodeling of newly
formed bone leading to an accelerated graft repair and a reduced
healing time, which was in agreement with the results of spinal
fusion animal studies (Ming et al., 2012; Qiu et al., 2013; Sugiura
et al., 2015; Kaito et al., 2016).

In the present investigation, histological examination of grafted
bone defect at 20 days following surgery revealed no difference in
healing process between teriparatide-treated and control rats
while at days 40 and 60 after surgery, the rats receiving teriparatide
had more enhanced and accelerated bone healing compared with
the control group. Similarly, an experimental study by Nakajima
et al. (2002) evaluating the effect of low-dose teriparatide ther-
apy on femoral fracture healing in rats demonstrated that in the
early stages of fracture healing, PTH promoted osteoclastogenesis
in hard callus. It was only at the later stages of fracture healing that
an increase in mechanical strength of the callus was observed. In an
animal study by Alkhiary et al. (2005), the effects of both low and
high doses of teriparatide on femoral fracture healing in rats were
evaluated. In that study, only the rats treated with a high dose of
teriparatide showed a significant increase in bone mineral content
and density and total osseous tissue volume at 21 days after femoral
fracture; the positive effect of low-dose teriparatide on fracture
healing was observed later at day 35 postfracture.

The findings of present and past studies indicate that the
anabolic effects of teriparatide depend on the dose, frequency and
duration of administration (Komatsu et al., 2018). Although the
administration of higher doses of teriparatide has a more pro-
nounced and early effect in enhancement of healing process and
shortening the healing time, the high doses combined with long
treatments have been linked to a high incidence of osteosarcoma in
rats (Tashjian and Gagel, 2006; Takahata et al., 2012). The timing of
the commencement and withdrawal of teriparatide therapy is
important, as it will likely dictate the cell population that responds
to the drug during various stages of bone healing (Reynolds et al.,
2011).

The strengths of the present study were the randomized
controlled experimental design having both negative control and
control groups, administration of a low-dose teriparatide which
was very close to the recommended clinical dose, and histological
evaluation of the outcomes at 3 different time-points after
surgery.

The present experiment had several drawbacks: first, an ani-
mal model with different physiology, drug metabolism, bone
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turnover and probably bone healing process compared to humans
was used. Second, only the effects of a single dose (2 pg/kg/day)
and a 20-day period of teriparatide administration were evalu-
ated and no comparison with the effects of other doses and du-
rations of teriparatide therapy on bone healing was made. Third,
long-term (more than 2 months) effects of teriparatide on bone
healing was not assessed. Therefore, further experiments using
large animals and also clinical trial studies evaluating the effects
of different doses and durations of teriparatide therapy and its
long-term effects on healing of grafted craniofacial defects are
recommended.

5. Conclusion

The present study demonstrated that daily administration of a
low-dose teriparatide for a period of 20 days enhanced and accel-
erated the healing process of grafted mandibular critical-size de-
fects in rats. Bone defects in teriparatide-treated rats had more new
bone formation and bone maturation and shorter healing time
compared to those in the control rats. It was also found that the
beneficial effects of low-dose teriparatide therapy appeared only at
late stages of bone healing.
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