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To investigate the efficacy of endocrine parathyroid hormone treatment on tissue-engineered bone regeneration,
massive femoral defects in C57Bl/6 mice were reconstructed with either 100:0 or 85:15 poly-lactic acid (PLA)/
beta-tricalcium phosphate (b-TCP) scaffolds (hereafter PLA or PLA/bTCP, respectively), which were fabricated
with low porosity (<30%) to improve their structural rigidity. Experimental mice were treated starting at 1 week
postop with daily subcutaneous injections of 40 mg/kg teriparatide until sacrifice at 9 weeks, whereas control
mice underwent the same procedure but were injected with sterile saline. Bone regeneration was assessed
longitudinally using planar X-ray and quantitative microcomputed tomography, and the reconstructed femurs
were evaluated at 9 weeks either histologically or biomechanically to determine their torsional strength and
rigidity. Teriparatide treatment increased bone volume and bone mineral content significantly at 6 weeks and
led to enhanced trabeculated bone callus formation that appeared to surround and integrate with the scaffold,
thereby establishing union by bridging bone regeneration across the segmental defect in 30% of the re-
constructed femurs, regardless of the scaffold type. However, the bone volume and mineral content in the PLA
reconstructed femurs treated with teriparatide was reduced at 9 weeks to control levels, but remained signifi-
cantly increased in the PLA/bTCP scaffolds. Further, bridged teriparatide-treated femurs demonstrated a
prototypical brittle bone torsion behavior, and were significantly stronger and stiffer than control specimens or
treated specimens that failed to form bridging bone union. Taken together, these observations suggest that
intermittent, systemic parathyroid hormone treatment can enhance bone regeneration in scaffold-reconstructed
femoral defects, which can be further enhanced by mineralized (bTCP) particles within the scaffold.

Introduction

Segmental defects in long bones, secondary to tumor
resection, trauma, and osteomyelitis, are a challenge for

the reconstructive orthopedic surgeon. Traditionally used
cadaveric bone allografts are marred by poor incorporation
(with delayed union or nonunion), microdamage accumu-
lation, graft failure, and the risk of disease transmission.1

Therefore, engineered biomaterial scaffolds have emerged
as an alternative to biological grafts for reconstructive
bone surgery and limb salvage. An ideally engineered bone
scaffold should be nonimmunogenic, osteoconductive, os-
teoinductive and have porosity properties permissive of tis-
sue ingrowth and host incorporation, while providing
structural rigidity and stability.2 The engineered scaffold
could also be used as a delivery vehicle for bone anabolic
factors such as proteins or gene delivery vectors (plasmids,
viral vectors, etc.).3 Alternatively, endocrine hormones that

enhance bone formation, such as parathyroid hormone
(PTH), which have been reported to augment bone repair
and regeneration,4 could be used as a systemic adjuvant
therapy.

Intermittent, systemic PTH treatment is an effective ther-
apy to increase bone mass density and reduce fracture risk in
osteoporosis patients.5–7 A growing body of preclinical data
has supported the conclusion that PTH can also be effective
in accelerating bone repair after fracture, especially in cases
of delayed healing due to persistent fibrosis and nonunion.8,9

Among the most potent forms of PTH is teriparatide (For-
teo�; Eli-Lilly Co.), which is approved by FDA for the
treatment of osteoporosis. Teriparatide is a recombinant
fragment of human PTH (rhPTH) that has an identical se-
quence to the biologically active region (the 34 N-terminal
amino acids) of the full 84-amino acid hPTH. The simplic-
ity of the daily systemic injection of teriparatide overcomes
many of the challenges and limitations of localized cellular-,
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cytokine-, or gene delivery-based and controlled-release thera-
pies. Therefore, off-label clinical use of teriparatide is becoming
an increasingly used option in challenging fractures and de-
layed nonunions with early reports of remarkable success.10

We have recently demonstrated that dense poly-lactic acid
(PLA) scaffolds, with or without embedded mineral (beta-
tricalcium phosphate [b-TCP]) particles, could be designed to
withstand in vivo stresses in an established murine femoral
defect model,11 and could be processed for delivery of
growth factors and gene transfer particles, in vitro and
in vivo, to enhance their osteogenic potential.12 In this article,
we investigate the effects of intermittent daily dosing of
teriparatide on the reconstruction of murine femoral seg-
mental defects with PLA and PLA/b-TCP scaffolds. We
hypothesized that teriparatide would induce a robust heal-
ing response around the scaffold–femur interface, and that
this response will be further potentiated in scaffolds con-
taining the osteoinductive b-TCP particles.

Materials and Methods

Mouse femoral defect reconstruction surgery

PLA scaffolds or PLA impregnated with a nominal 15% of
medical-grade b-TCP particle (PLA/b-TCP) scaffolds (gen-
erously donated for this study by Kensey Nash Corporation,
Exton, PA) were custom fabricated using a rapid volume
expansion phase separation technique that suspends un-
coated b-TCP particles in the porous polymer,12 and were
made to fit the dimensions of the mouse femur and the
segmental defect (2 mm diameter�4 mm length), with a

predrilled hole longitudinally to allow intramedullary sta-
bilization (Fig. 1). Animal surgery and care protocols were
performed in accordance with the regulations of the Uni-
versity of Rochester’s Committee on Animal Resources as
previously described.11 Briefly, the left femurs of 8-week-old
female C57BL/6 mice were exposed with a direct lateral
approach. The musculature was elevated at the femoral mid-
shaft, then retracted with curved forceps. The surgical
wound and area for osteotomy was irrigated with sterile
normal saline, whereas a 4 mm segmental defect was created
using a diamond-tipped rotary blade. The scaffold was in-
serted in the defect and fixed with an intramedullary tita-
nium pin. The muscle and skin layers were repaired with
single layer of interrupted 4-0 silk sutures and then
reinforced with surgical staples as previously described.11

Experimental mice (n¼ 13 PLA scaffolds and n¼ 13 PLA/
b-TCP scaffolds) were treated starting 1 week postop with
daily subcutaneous injections of rhPTH (40mg/kg teripara-
tide, Forteo; Eli-Lilly Co.) for 9 weeks until sacrifice.8 Control
mice (n¼ 13 PLA scaffolds and n¼ 13 PLA/b-TCP scaffolds)
underwent the same injection schedule, but were injected
with sterile saline.

Histology

Specimens processed for histology (n¼ 3 per group) were
first dehydrated through steps of graded alcohols. Tech-
novit 7100 (2-hydroxyethylmethacrylate [GMA]-embedding
polymer; Heraeus Kulzer GmbH) was then used to infiltrate
and embed the samples. The GMA was mixed 1:1 with
ethanol as a preinfiltration step. Infiltration was performed

FIG. 1. Tissue-engineered scaffolds for long bone reconstruction. (A) Low-power scanning electron microscopy of the cross
section of a 100:0 PLA/b-TCP (PLA) scaffold (scale bar represents 1 mm). High-power scanning electron microscopy images
of the PLA (B) and 85:15 PLA/b-TCP (C) scaffolds with the arrow head pointing to b-TCP particles (scale bar represents
200 mm). Titanium pins were passed through the lumen of the scaffolds (D) to be used for fixation of the scaffolds when
implanted as stand-alone femoral graft substitutes in massive 4 mm femoral defects in our previously established mouse
model. The grafted animals were either treated by daily (5 days/week) injections of PTH or left untreated (controls). (E)
Radiographic image of a PLA scaffold-grafted femur on day 0. Arrowhead points to the radio-translucent scaffold filling the
femoral defect. b-TCP, beta-tricalcium phosphate; PLA, poly-lactic acid; PTH, parathyroid hormone.
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in open glass vials inside of a vacuum chamber for a total of
48 h and three changes of GMA. The samples were then
embedded in high density polyethylene (HDPE) molds with
aluminum block holders. Once the GMA fully polymer-
ized, the blocks were cut on a heavy-duty rotary microtome
with D-profile tungsten-carbide knife. Sections were cut at
4 mm thickness and mounted on glass slides, which were
then stained in a 1:100 alcian blue/hematoxylin solution
and counterstained with an eosin/pholoxine B/orange G
solution.

Microcomputed tomography imaging

X-rays of the mice were taken weekly beginning the day of
surgery until sacrificed at 9 weeks. X-rays were evaluated
qualitatively for callus formation and scaffold stability.
Immediately after surgery and at 6 weeks postop, in vivo
microcomputed tomography (micro-CT) scans were per-
formed using the VivaCT 40 imager (Scanco Medical). The
mice (n¼ 20 mice; 5 mice randomly selected from each
group) were anesthetized using 1.5% isoflurane and an ox-
ygen flow rate of 0.6 L/min. High-resolution (17.5 mm) scans
were performed on each mouse using an integration time of
300 ms, 145 microA current, and 55 kV energy setting. A re-
gion of interest spanning 11 mm, or 628 slices, was selected
to include the scaffold within the reconstructed femur as well
as the nonoperated femur as a control. Analysis was per-
formed to determine the bone (i.e., mineralized callus) vol-
ume, bone mineral density (BMD), and bone mineral content
(BMC) of the repair tissue.

After 9 weeks, the animals were sacrificed and the re-
constructed femurs were harvested and stored at �208C. All
samples were micro-CT imaged before mechanical testing
was performed. Briefly, a region of interest spanning
14.8 mm, or 846 slices, was scanned using the same in vivo

scan settings to assess the scaffold and callus of each sample.
Analysis was then performed to determine repair bone vol-
ume, BMD, and BMC.

Biomechanical (torsional) testing

Isolated femurs were thawed at room temperature while
wrapped in saline-soaked gauze. The femurs were then
dissected of soft and muscle tissues and the intramedullar
pins carefully removed. The ends of the femurs were ce-
mented into 6.35 mm2 square aluminum tube holders using
polymethylmethacrylate bone cement in a custom jig to en-
sure axial alignment and to maintain a gage length of
7.1� 0.9 mm, allowing at least 3 mm to be potted at each end.
After potting, the samples were re-hydrated in PBS for 2 h
while the polymethylmethacrylate hardened. Testing was
performed on the EnduraTec TestBench� system (200 N.mm
torque cell; Bose Corporation). A rotation rate of 18/s was
used to twist the samples to failure or up to 808. Torque
versus rotation data were collected and analyzed in
MATLAB to determine maximum torque, maximum rota-
tion, and torsional rigidity, as previously described.13

Statistical data analysis

Two-way analysis of variance with Bonferonni post hoc
multiple comparisons were performed to compare the effects
scaffold type and teriparatide treatments (alpha¼ 0.05).

Results

Teriparatide and b-TCP enhance bone regeneration
in scaffold reconstructed femurs

Radiographic evaluation of the transplanted load-bearing
scaffolds showed no incidence of collapse throughout the

FIG. 2. Representative pla-
nar X-ray images depicting
the effects of scaffold type and
teriparatide (PTH) treatment
on bone regeneration over
time.
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study duration (up to 9 weeks), and suggested that the rate
and extent of bone regeneration was enhanced in the ter-
iparatide-treated animals compared to controls (Fig. 2). Two-
way analysis of variance and post hoc multiple comparisons
of repair bone volume (mineralized callus) determined from
micro-CT imaging, confirmed the significant increase in bone
volume due to teriparatide treatment regardless of scaffold
type at both 6 and 9 weeks (Fig. 3). At 6 weeks the new bone
volume in the teriparatide-treated group was 3-fold and 2.1-
fold greater than untreated controls ( p< 0.05) in both PLA
and PLA/b-TCP groups, respectively (Fig. 3A, B). After 9
weeks of healing, the new bone volume in the teriparatide-
treated PLA/b-TCP group remained significantly greater
(1.8-fold) than untreated controls ( p< 0.05), but there was no
difference between the teriparatide and control groups re-
constructed with the PLA scaffolds (Fig. 3A, B). Interestingly,
the new bone volume decreased significantly between 6 and
9 weeks for the teriparatide-treated femurs reconstructed
with the PLA scaffolds (Fig. 3A), whereas the callus volume
for the treated PLA/b-TCP scaffolds remained unchanged
between 6 and 9 weeks (Fig. 3B).

There were no treatment or scaffold effects on the BMD of
the callus. However, when integrated over the new bone
volume, the BMC of the teriparatide-treated group at 6 weeks
was 2.9-fold and 1.8-fold greater than the saline controls
( p< 0.05) in both PLA and PLA/b-TCP groups, respectively
(Fig. 3D, E). At 9 weeks, the BMC in the teriparatide-treated
PLA/b-TCP group remained significantly greater (1.6-fold)
than untreated controls ( p< 0.05), but no differences could be
detected due to the teriparatide treatment in the PLA scaffolds
(Fig. 3D, E).

By 6 weeks, 3 out of 10 specimens or 30% of the
teriparatide-treated scaffolds, in each of the PLA and PLA/

b-TCP groups, had already established union by bridging
bone regeneration across the segmental defect, which was
not observed in the untreated controls of either scaffold
groups. The incidence of union did not increase at 9 weeks.
Examination of the femur–scaffold interface in the untreated
control specimens showed mineralized cortical shell emanating
from the femur periosteal surface, similar to the healing re-
sponse seen in the femur–allograft interface in mouse seg-
mental defects.13 In contrast, the femur–scaffold interface in the
teriparatide-treated specimens was characterized by dense and
trabecular bone-like mineralized tissue that was distinctly dif-
ferent from the cortical shell seen in the saline controls (Fig. 4).
Histology confirmed these observations and demonstrated that
there was very limited and insignificant cellular infiltration
into the pore spaces of the scaffold, but on average, the PLA/
b-TCP scaffolds produced larger bone collars around the
scaffold, compared to PLA scaffolds (Fig. 5). Further, remark-
able trabeculated bone formation was observed in the ter-
iparatide-treated specimens and appeared to emanate from
the host bone ends to surround and integrate with the either
scaffold (Fig. 5B, D), which was not observed in saline-treated
controls (Fig. 5A, C).

When the repair in teriparatide-treated PLA specimens
that developed bridging union across the segmental defect
was compared to controls and nonunion-treated speci-
mens reconstructed with PLA scaffolds, there was no dif-
ference in bone volume or BMC (Fig. 3C). However, in
the PLA/b-TCP reconstructed group, the repair bone vol-
ume in the teriparatide-treated specimens establishing union
was 2-fold and 1.3-fold greater than the bone volume of
the controls and nonunion teriparatide-treated specimens,
respectively ( p< 0.05, Fig. 3C). Similarly, the BMC in the
teriparatide-treated specimens establishing union was 1.8-fold

FIG. 3. Teriparatide (PTH) treatment increases early callus formation regardless of the scaffold type, which is only sustained
in mature callus of PLA/b-TCP scaffolds. Quantitative micro-CT segmentation of the mineralized callus volume and BMC at
6 weeks and at 9 weeks for the PLA scaffolds (A, D) and the PLA/b-TCP scaffolds (B, E). These data were reanalyzed for
callus volume (C) and BMC (F) after separating the PTH-treated samples based on their bridging outcome. Data are
presented as mean� standard error of the mean. Asterisk indicates significant differences from control ( p< 0.05); **indicates
p< 0.01. BMC, bone mineral content; micro-CT, microcomputed tomography.
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greater than the controls ( p< 0.05), but was not significantly
different from the nonunion teriparatide-treated specimens
(Fig. 3F).

Teriparatide improves torsional strength
and rigidity independent of the scaffold type

Biomechanical testing of specimens in torsion was per-
formed to determine the torsional strength and rigidity of the

reconstructed femurs. Figure 6 depicts representative torque-
twist data for PLA-reconstructed femurs at 9 weeks post-
surgery, highlighting the fact that specimens with bridging
bone union had torsion characteristics similar to bone, with a
clearly defined elastic (linear) region, yield, and ultimate
failure points, and brittle fracture failure. There were no
scaffold-related effects on the torsional strength, rigidity, or
ultimate twist, regardless of the teriparatide treatment. On
average, there was a trend toward increased maximum

FIG. 4. Teriparatide treatment enhances
osteointegration of PLA and PLA/b-TCP
scaffolds by increasing callus volume,
trabecular bone formation, and bridging.
Representative micro-CT segmentation of
the mineralized callus in femurs re-
constructed with PLA scaffolds (A, C) or
(B, D) at 9 weeks postsurgery. Control
animals were untreated (A, B), whereas
treated animals received daily teripara-
tide injections (C, D). Note that 30% of the
teriparatide-treated animals developed a
mineralized callus that bridged the defect
for both scaffolds resulting in union. In
contrast, none of the scaffolds in the
nontreated controls developed a bridging
union. Lower panels show the corre-
sponding micro-CT slices of each speci-
men at the proximal end (1), midline (2),
and distal end (3) of the callus. Arrows
indicate the dense and trabecular na-
ture of the mineralized callus in the
teriparatide-treated groups (C, D) com-
pared to the mostly cortical shell in the
controls (A, B). Color images available
online at www.liebertonline.com/ten.

FIG. 5. Teriparatide treat-
ment increases trabeculated
bone callus emanating from
the host bone to provide better
integration with the scaffold.
Representative sagittal sections
of scaffold-reconstructed fe-
murs treated with saline (A, C)
and 40 mg/kg teriparatide
(B, D) at 9 weeks. (A, B) The
PLA scaffold-reconstructed
femur and (C, D) the PLA/
b-TCP scaffold-reconstructed
femur. 2-Hydroxyethylme-
thacrylate-embedded sections
were stained with orange G

and alcian blue. Scale bars represent 0.5 mm. Asterisks label the dense trabeculated bone regeneration in the teriparatide-
treated specimens. S indicates the scaffold. Color images available online at www.liebertonline.com/ten.
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torque and torsional rigidity and a decrease in ultimate twist
in the teriparatide-treated groups compared to controls, but
in general the differences were not statistically significant
(Fig. 7A, C, E).

When compared to controls and nonunion teriparatide-
treated specimens, the maximum torque of the teriparatide-
treated femurs that developed bridging union across the
segmental defect were >4-fold or >2-fold greater for the PLA
and the PLA/b-TCP scaffolds, respectively ( p< 0.05, Fig.
7B). Similarly, the torsional rigidity of the teriparatide-
treated femurs that developed bridging union across the
segmental defect were >11-fold and >9.9-fold greater than
nonunion PLA and the PLA/b-TCP scaffolds, respectively
( p< 0.05, Fig. 7D). Bridging union also significantly reduced
the ultimate twist of teriparatide-treated specimens to <40%
of the nonunion specimens (Fig. 7F).

Discussion

Reconstruction of long-bone segmental defects remains a
difficult problem for orthopedic surgeons. While metallic
implants and allografts are two clinically available options
for reconstruction, they are fraught with complications such
as implant loosening, nonunion, and microfracture. Tissue
engineering may soon introduce alternative treatment op-
tions by offering osteoinductive biomaterial scaffolds in lieu
of the metallic implants or biologic grafts. There are at least

two strategies by which osteoinductive properties can be
conferred onto biomaterial scaffolds. The first strategy in-
volves engraftment of mesenchymal stem cells on the scaf-
folds to provide a viable bone substitute. While the efficacy
of this approach has been demonstrated,14 many concerns
regarding the cell sourcing, effective and reproducible en-
graftment protocols, and cost have hindered its clinical ap-
plicability. The second strategy is to introduce osteogenic
factors (recombinant or animal-derived)15–18 or genes (plas-
mids or vectors) onto the scaffold for localized delivery.3,19

The localized delivery approach has shown promising re-
sults in preclinical studies and has come to fruition in sur-
gical applications such as spinal fusion scaffolds (cages)
augmented by bone morphogenetic proteins.20 However, the
complications associated with the need for high local doses
of bone morphogenetic proteins21–25 and the safety concerns
surrounding viral-based gene delivery26–28 have thus far
limited wide clinical applicability of this strategy. In this
study, we tested the alternative approach to enhance bone
regeneration around a structural biomaterial scaffold im-
planted in a massive segmental femoral defect via systemic
injections of teriparatide, and demonstrated that this treat-
ment, independent of scaffold’s mineral content, led to sig-
nificant enhancements of mineralized tissue volume, mineral
content, union incidence, and biomechanical (torsional)
strength and rigidity.

Although teriparatide is primarily approved in the United
States for the treatment of osteoporosis in postmenopausal
women and in men at high risk for fracture,29 there are
ample preclinical and clinical evidence to suggest that dif-
ferent forms of PTH can accelerate fracture healing, and
could be beneficial in treating nonunions and delayed un-
ions,10 and in enhancing bony ingrowth in orthopedic im-
plants.30 The anabolic effects of intermittent PTH treatment
on the repair of long bone fractures in an animal model were
first reported in a rat tibial fracture model in 1999.31 Similar
results have since been published confirming that intermit-
tent PTH treatment increases fracture callus volume and
improves the biomechanical properties of the fractured
bone,9,32–38 even after withdrawal of treatment.9,33

The effects of hPTH(1,34) on bone regeneration in critical-
sized osteotomy models were first reported by Bonadio
et al.,3 wherein DNA plasmids encoding the active fragment
of hPTH(1,34) were loaded onto lyophilized collagen spon-
ges, and then implanted in critical-size (up to 2.0 cm long)
defects in the tibiae of beagle dogs. This study reported that
high doses (100 mg) of hPTH(1,34) encoding plasmids were
necessary for progressive bone filling in the defect, although
no incidence of complete gap filling were reported, whereas
lower doses (1.0–20 mg) showed no substantial bone re-
generation.3 In a follow-up study, Chen et al. investigated
the effects of daily injections (40 mg/kg body weight) of
rhPTH(1,34) on bone regeneration in a rat model of critical
size (4 mm) femoral defects, with or without localized, col-
lagen matrix-mediated gene delivery of hPTH(1,34).4 At 6
weeks postsurgery, neither treatment on its own resulted in
increased BMD and BMC at the osteotomy site. However,
compared to local gene delivery of hPTH(1,34), the systemic
injections of rhPTH(1,34) resulted in increased defect filling
based on planar X-ray quantification. Interestingly, the
combined treatment of systemic and localized PTH resulted
in significant increases in BMD, BMC, and percent bone

FIG. 6. Bridged teriparatide (PTH)-treated specimens
demonstrate a prototypical brittle bone torsion behavior. Scaf-
fold-grafted femurs were harvested at 9 weeks, imaged via
micro-CT, and then tested in torsion at a rate of 18/s. The rep-
resentative torque-normalized rotation curve shown demon-
strates that teriparatide-treated samples that developed a
bridging union exhibit a torsion behavior characteristic of
bone with clearly defined linear region (dashed line), yield
(open arrow), and ultimate failure torque (closed arrow), and
a relatively brittle fracture. In contrast, nonunion specimens
for the most part did not have defined failure points and
were quite ductile. Color images available online at www
.liebertonline.com/ten.
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regeneration in the defect, compared to either treatment
alone, or untreated controls.4 However, as in the previous
work, no complete defect filling or union was observed.
While these studies bear similarities to our study, there are
major differences in the femoral defect model, the scaffold,
the timing of treatment, and the functional assessment of the
treatment outcome. In our study, we utilized a mouse model
of a 4 mm femoral defect, which measures close to 20%–25%
of the entire length of the femur, and thus models a massive
segmental defect as opposed to critical nonunion defects in
larger animals. In addition, our PLA and PLA/b-TCP scaf-
folds are structurally rigid and load bearing as they were
stabilized using intramedullar pins, compared to the non-
structural collagen matrices stabilized with external fixa-
tors.3,4 This is a significant advantage of our model since the
combination of PTH and in vivo mechanical stimulation has
been shown to synergistically increase bone formation
rates.39 Further, the systemic injections of teriparatide in our
study were initiated at 1 week postreconstruction, and con-

tinued for 8 weeks until sacrifice, to simulate delayed onset
of treatment that would commence when nonunion is clini-
cally evident. Finally, and to the best of our knowledge, our
study is the first to report functional outcomes that demon-
strated increased bone regeneration and incidence of union
based on 3D micro-CT data, and enhanced biomechanical
properties (torsional strength and rigidity) in massive fem-
oral defects following tissue-engineered limb reconstruction
and daily systemic injections of teriparatide.

Regardless of the scaffold used in the femoral recon-
struction, only a subset of specimens (30%) treated with
teriparatide formed a bridging bone union across the seg-
mental defect, with significant torsional rigidity and
strength. None of the saline-injected controls, on the other
hand, displayed union or comparable torsional stability. The
reasons for this variability in the response to teriparatide
treatment are unclear at this time, but might be related to
slight variability in animal weights, which may have led
to undocumented dosing variability, surgical factors related

FIG. 7. Teriparatide-induced
bone bridging is required
for improved biomechanical
properties of the scaffold-
grafted femurs. The scaffold-
grafted femurs were tested in
torsion to determine their bio-
mechanical properties, includ-
ing maximum torque (A, B),
torsional rigidity (C, D), and
ultimate normalized rotation
or twist (E, F). (B, D, F) The
maximum torque, torsional ri-
gidity, and ultimate twist, re-
spectively, of specimens that
developed a bridging union
compared to nonunion control
and teriparatide-treated speci-
mens. Data are presented as
mean� standard error of the
mean. Asterisk indicates sig-
nificant differences from con-
trol ( p< 0.05).
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to the rigidity of the scaffold stabilization using an in-
tramedullary pin or inadvertent injury to the periosteum of
the femur during surgical osteotomy and reconstruction,
and/or the inherent variability in experimental animals. It is
possible that optimizing the teriparatide dose and window of
treatment (i.e., timing of onset and withdrawal of treatment)
might lead to more consistent and reproducible bridging
bone repair in the treated animals, which warrants formal
investigation in future experiments.

Interestingly, the observed teriparatide-induced increases
in the callus volume of the PLA scaffolds were lost between 6
and 9 weeks, but remained persistent in the PLA/b-TCP
scaffolds. This might suggest a synergistic effect of the em-
bedded b-TCP particles with teriparatide. The mechanism of
this phenomenon is not clear but may be related to enhanced
osteoblast adhesion on the b-TCP particles,40 which might
increase their mechanosensitivity to the in vivo loading en-
vironment. This possibility is supported by reports that
suggest that the activity of transcriptional attenuators of the
anabolic response of osteoblasts to PTH such as the nuclear
matrix protein 4/cas interacting zinc finger or Nmp4/CIZ is
sensitive to cell adhesion and can be suppressed in response
to mechanical perturbations.41

One of the limitations in our study is that we did not
probe the mechanism of action of PTH and the reason of the
observed synergy with scaffold mineral content using mo-
lecular and cellular assays over time. This should be the
subject of future studies, especially since the anabolic
pathways in bone regeneration at sites of fracture or os-
teotomy in response to PTH have yet to be fully identified.
Endogenous PTH acts as a regulatory hormone for serum
calcium homeostasis. The N-terminus of endogenous PTH
activates the PTH-1 receptor (a G protein-coupled receptor),
and activates the cyclic AMP-dependent protein kinase A
and calcium-dependent protein kinase C pathways to reg-
ulate osteoblast function.29 Interestingly, continuous treat-
ment with PTH is reportedly associated with a decrease in
BMD and hypercalcemia (which mimics chronic elevation
of endogenous PTH levels due to hyperparathyroidism).
Sclerostin (a negative regulator of osteogenesis transcribed
by the Sost gene) is a Wnt/b-catenin antagonist produced
by osteocytes.42,43 Recent findings have shown that con-
tinuous elevation of PTH downregulates Sost, leading to
increased osteoblast apoptosis. On the other hand, the an-
abolic effects of intermittent PTH dosing are associated
with attenuation of osteoblast apoptosis independent of
Sost.42 Whether Sost regulation plays a role in PTH-stimu-
lated bone repair has yet to be investigated. However, the
likely targets of the early effects of PTH during repair might
include mesenchymal stem cells, periosteal cells, and oste-
oblast progenitors. Chen et al. reported positive mRNA
expression of PTH-1 receptor at the site of femoral os-
teotomy, regardless of local or systemic PTH treatment.
However, systemic PTH treatment led to increased osteo-
calcin (Ocn) mRNA expression in sera and callus tissue at
the site of femoral osteotomy.4 Kaback et al. reported that
systemic teriparatide upregulates the transcription factor
Osterix (Osx) in femoral fracture callus.8 Others have shown
that PTH effects on fracture repair are associated with en-
hanced chondrogenesis (chondrocyte recruitment and
maturation) in the early fracture callus, mediated in part by
canonical Wnt signaling.44

Interestingly, while intermittent PTH treatment stimulates
bone growth in vivo, possibly by increasing local bone
factors, its effects on angiogenesis are much less studied
despite the critical role of angiogenesis in the process of bone
repair. It has been shown that continuous treatment with
PTHrP(1–34) increases vascular endothelial growth factor
mRNA in human osteoblastic cells from trabecular bone,45

whereas other reports have shown that vascular endothelial
growth factor-A production during osteoblast differentia-
tion is inhibited by PTH-related peptide that also inhibited
preosteoblast differentiation.46 Others have reported anti-
angiogenic effects of PTH in the skin.47 These reports suggest
an intriguing mechanism of action for systemic PTH in bone
regeneration that might involve negative regulation of an-
giogenesis, which merits further investigation in future
studies.

In conclusion, the current findings suggest that the effects
of intermittent, systemic PTH in scaffold mediated bone re-
pair and regeneration could be enhanced by mineralized
scaffold components such as b-TCP. Further studies delin-
eating the mechanism of the observed synergy between PTH
and b-TCP are warranted using in vitro and in vivo model
systems that can potentially lead to tissue-engineered alter-
natives to bone graft reconstruction.
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