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ABSTRACT

Intermittent administration of parathyroid hormone (PTH) stimulates skeletal remodeling and is a potent anabolic agent in
bone. PTH-related protein (PTHrP) is anabolic acting on the same PTH1 receptor and is in therapeutic use for osteoporosis.
The body of literature for PTH actions in fracture healing is emerging with promising yet not entirely consistent results. The
objective of this review was to perform a literature analysis to extract up-to-date knowledge on the effects of intermittent
PTH and PTHrP therapy in bone fracture healing. A literature search of the PubMed database was performed. Clinical case studies
and articles related to “regeneration,” “implant,” and “distraction osteogenesis” were excluded. A narrative review was per-
formed to deliberate the therapeutic potential of intermittent PTH administration on fracture healing. A smaller number of stud-
ies centered on the use of PTHrP or a PTHrP analog were also reviewed. Animal studies clearly show that intermittent PTH
therapy promotes fracture healing and revealed the strong therapeutic potential of PTH. Human subject studies were fewer
and not as consistent as the animal studies yet provide insight into the potential of intermittent PTH administration on fracture
healing. Differences in outcomes for animal and human studies appear to be attributed partly to variable doses, fracture sites,
age, remodeling patterns, and bone architectures, although other factors are involved. Future studies to examine the dose, tim-
ing, and duration of PTH administration will be necessary to further delineate the therapeutic potential of PTH for fracture heal-
ing in humans. © 2019 The Authors. JBMR Plus published by Wiley Periodicals, Inc. on behalf of American Society for Bone and

Mineral Research.
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Introduction

he fracture healing process begins with hematoma forma-

tion followed by an inflammatory phase, a proliferative
phase with soft callus formation, callus ossification, and finally
the bone remodeling phase. The periosteal and endosteal osteo-
progenitors along with neovascularization play a crucial role in
the early phase of repair. Hence, pathological conditions that
have negative influences on progenitor cell recruitment, angio-
genesis, or extracellular matrix formation could result in
impaired or delayed healing. Such conditions include but are
not limited to radiation therapy, osteoporosis, diabetes mellitus
(DM), antiangiogenic therapy, advanced age, steroid therapy,
and infection." In long bones, nearly 10% of fractures are

associated with impaired healing.?* Bone grafting procedures
or local applications of osteoinductive cytokines, such as bone
morphogenetic protein-2 and -7, are applied to promote repair
of fractures with compromised healing."’ However, these proce-
dures generally involve surgical intervention and therefore have
a risk of potential infection and morbidity. For this reason, the
establishment of noninvasive therapy to promote healing in sit-
uations of compromised fracture repair is of great importance.
Systemic anabolic agents including parathyroid hormone (PTH)
and PTH-related protein (PTHrP) have demonstrated potential
as candidates that could augment localized osseous healing.
PTH plays a crucial role in calcium and phosphorus homeosta-
sis and has anabolic effects in bone when administered intermit-
tently.”) Daily low-dose injections stimulate osteoblastic bone
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formation together with osteoclast activation. Neer and col-
leagues investigated the effects of daily PTH injections on bone
fractures in postmenopausal women with prior vertebral frac-
tures and found that daily injections significantly increased ver-
tebral, femoral, and total-body bone mineral density, and
decreased the risk of bone fractures compared with placebo.®
Likewise, PTHrP, which binds to the same receptor (PTH1R) as
PTH, exhibits a bone anabolic effect when administered intermit-
tently.”” Because of their anabolic actions, teriparatide (recombi-
nant human PTH consisting of the first 34 amino acids from the
N-terminus) and abaloparatide (34 amino acid synthetic PTHrP
analog) have been approved by the US Food and Drug Adminis-
tration (FDA) for the treatment of osteoporosis.(s) Daily teripara-
tide injections for 24 months in postmenopausal women with
severe osteoporosis significantly decrease the incidence of new
vertebral fractures compared with antiresorptive therapy with
risedronate for 24 months.® Daily abaloparatide injections for
18 months in postmenopausal women with severe osteoporosis
significantly reduced the risk of new vertebral and nonvertebral
fractures compared with placebo.'® Miller and colleagues fur-
ther reported that the fracture-protective effect of abaloparatide
was comparable to that of teriparatide. Because PTH and PTHrP
both bind to PTH1R and activate downstream signaling path-
ways to stimulate the recruitment and proliferation of osteopro-
genitors, they have potential as noninvasive systemic therapies
to promote fracture healing. This review highlights the effects
of intermittent PTH and PTHrP administration in bone fracture
healing.

Methods

A PubMed search was performed using terms including “para-
thyroid hormone,” “fracture healing,” “bone,” and “intermittent
administration.” Articles related to “regeneration,” “fusion,”
“implant,” and “distraction osteogenesis” and clinical case stud-
ies were excluded. Although the consideration of PTH or PTHrP
in such other instances has merit, they are not discussed in this
review in order to focus on fracture healing. In addition, they
are covered elsewhere.""™"® Abstracts and the full text of the
matched articles were collected. References cited in the identi-
fied articles were also screened for inclusion. All of the identified
articles were reviewed to consider the therapeutic potential of
intermittent PTH or PTHrP administration on fracture healing.

Results

Animal studies
Nonpathological fractures

The effects of intermittent PTH administration on physiological
fracture healing have been well studied in animals particularly
focusing on the appendicular skeleton (Table 1). {TBL 1}

Work by Andreassen and colleagues is one of the earliest stud-
ies that investigated the effect of PTH (1-34) daily administration
on callus formation and mechanical strength advancement of
closed tibial shaft fractures in 3-month-old female rats after
20 and 40 days of healing."® Two different PTH doses were
tested: 60 pg/kg/d, considered a normal dose for rat bone ana-
bolic experiments, and 200 pg/kg/d was set as a high dose. With
the 60 jig/kg/d dose, the callus size and strength after 20 days of
healing were not different from those of controls, however, they
were increased significantly after 40 days of healing. With the

higher 200 pg/kg/d dose, the callus size and strength were sig-
nificantly increased at days 20 and 40 compared with controls.
Although strength increased substantially from day 20 to 40 with
the higher dose, the callus size decreased ~30% possibly indicat-
ing that callus maturation occurred faster with the higher dose.
Although the higher dose resulted in a rapid increase in strength,
no differences were noted in strength at day 40 between the dif-
ferent doses. Beneficial effects of daily PTH therapy on fracture
healing was also reported by Holzer and colleagues where they
induced closed femoral shaft fractures in 3-month-old female
rats and administered 80 pg/kg PTH daily for 21 days.""” Signifi-
cantly higher callus area and strength were found in the PTH-
treated fractures compared with controls. The histopathological
assessment revealed a noticeable difference where central ossi-
fication of the callus was noted in PTH-treated fractures, whereas
a fibrous union in the callus was found mostly in controls. These
two pioneering studies clearly indicate that intermittent PTH
administration promotes fracture healing in rats.

Dose effects and mechanisms

Since the doses used in the above studies were relatively high,
the question remained whether a lower PTH dose, more relevant
to a human dose, could have a similar effect on fracture healing.
In 2002, Nakajima and colleagues performed a study to address
this question."® Two-month-old male rats received closed fem-
oral shaft fractures and daily 10 pg/kg PTH (1-34) was adminis-
tered for up to 42 days. Seven days post-fracture, the callus
was formed radiographically in the PTH group but not in con-
trols. At day 14, the calluses were visible in both groups with
enhanced formation in the PTH group. At days 28 and 42, the
control calluses exhibited radiolucencies, whereas in the PTH
group, radiopacity of the calluses continued to increase, suggest-
ing that PTH stimulated callus formation earlier and enhanced
ossification compared with controls. Consistently, the average
bone mineral content (BMC), bone mineral density (BMD), and
strength of the calluses in the PTH group were significantly
higher than controls at days 28 and 42. However, in the contralat-
eral intact femurs, no differences were noted between groups.
This suggested that effects of PTH were markedly magnified at
fracture sites where bone metabolism and healing were active.
The study further investigated the underlying mechanism of
the beneficial effect of PTH on fracture healing. Only at day
2 (not days 4, 7, or 14) were significantly increased numbers of
proliferating osteoprogenitor cells in the callus noted in the
PTH group compared with controls. Collagen type |, alkaline
phosphatase, osteocalcin, and osteonectin were significantly
upregulated at the RNA level in the callus of the PTH group com-
pared with controls. These results suggest that the mechanisms
of PTH benefits on fracture healing are the advancement of cal-
lus formation and maturation by the enhanced proliferation of
mesenchymal progenitors and their subsequent synthesis of
bone matrix proteins. This same group further examined the
underlying mechanism of enhanced fracture healing by daily
PTH administration.’® Closed femoral shaft fractures were made
in rats and 10 pg/kg PTH (1-34) was administered daily for up to
28 days. At days 7, 21, and 28, the cartilage area of the callus was
similar between the PTH group and controls, but at day 14 signif-
icantly increased cartilage area was noted in the PTH group. Con-
currently, PTH treatment significantly upregulated Sox9 in the
callus at day 4 and stimulated proliferation of mesenchymal pro-
genitors significantly at days 4 and 7 in the callus. These results
suggest that PTH stimulates chondrogenesis to facilitate
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endochondral bone repair. Work by Kakar and colleagues con-
firmed these findings using a mouse fracture healing model.?”
It was found that PTH treatment induced the expression of
chondrogenesis-related genes (Sox9, Sox5, Col2al, and Col10)
during early healing (days 5 and 7) and the expression of
osteogenesis-related genes (Runx2 and Sp7) at days 10 and 14.
It was further revealed that the levels of nuclear-localized non-
phosphorylated f-catenin increased in osteogenic and chondro-
genic cells in the callus of the PTH group, suggesting that the
activation of the Wnt signaling pathway is at least one mecha-
nism of the promoted fracture healing by PTH.

Timing and duration of PTH administration

PTH accelerates endochondral ossification by stimulating callus
formation and remodeling."® It appears early PTH actions may
be critical to promote fracture healing; however, the optimal tim-
ing and duration of PTH administration was unknown. Andreassen
and colleagues evaluated the effect of daily PTH administration
(60 pg/kg; 8 weeks) on the healing of closed tibial shaft fractures
in 3-month-old female rats.?" Healing was assessed at weeks
8 and 16 post-fracture. At week 8, PTH increased fracture strength
and callus volume, while callus mechanical quality was similar
between groups. At week 16 (treatment daily for 8 weeks followed
by 8 weeks without treatment), no differences were noted in frac-
ture strength, callus volume, and callus mechanical quality
between groups. From 8 to 16 weeks of healing, fracture strength
and callus mechanical quality continued to increase in both con-
trols and PTH withdrawal animals.

Alkhiary and colleagues investigated the effect of PTH withdrawal
on subsequent fracture healing.?? Closed femoral shaft fractures
were created in adult male rats. PTH (1-34) was administered daily
at 5 or 30 pg/kg for 5 weeks, and the study was allowed to continue
7 more weeks. At week 5, both PTH doses (5 and 30 pg/kg/d) signif-
icantly increased strength, BMC, and cartilage volume of the fracture
site. Cartilage volume, mechanical strength, BMC, and BMD of the
fracture site were maintained in the 30 pg/kg PTH group versus con-
trols for 7 weeks after the PTH withdrawal. To determine whether
PTH pretreatment had an effect on fracture healing, Komatsubara
and colleagues studied young female rats who received intermittent
administration of PTH (1-34) for 3 weeks before femoral shaft trans-
verse osteotomy was performed.(23) PTH treatment continued up to
12 weeks after osteotomy in half of the PTH-pretreated animals. In
this particular study, PTH was administered 3 times a week at
10 or 30 pg/kg. Both doses of PTH treatment increased lamellar
bone formation in the callus 3 weeks after osteotomy. However, this
increase was not observed in the PTH-pretreatment only group or
control group. At 12 weeks, strength and cortical shell area were sig-
nificantly higher in the continuing 30 pg/kg PTH treatment group
compared with the PTH-pretreatment only and control groups.
Thus, PTH treatment with a higher dose of 30 jig/kg before and after
osteotomy promoted fracture healing. PTH pretreatment itself had
no effect on fracture healing. Collectively, the findings from these
studies suggest that PTH therapy instituted immediately after a frac-
ture is optimal to enhance healing.

Non-human primates

Nearly all animal studies that show the beneficial effects of PTH
were performed using rodent fracture healing models. Since
bone remodeling in young rodents utilizes different mechanisms
than in humans,®? it remained unknown whether intermittent
PTH therapy would promote fracture healing in animals, which
employ Haversian remodeling system as humans do. Work by

Manabe and colleagues investigated female cynomolgus mon-
keys aged 18 to 19 years who received PTH (1-34) treatment
for 29 weeks.?® Doses of PTH used were 0.75 pug/kg and
7.5 pg/kg twice a week. PTH administration was initiated
3 weeks before a femoral shaft osteotomy and continued until
death at 26 weeks post-osteotomy. Complete bone union was
radiographically observed in the PTH groups as well as controls
at 26 weeks after osteotomy. The strength of the fracture was
significantly greater in the higher PTH-dose group than controls.
The degree of callus mineralization was significantly greater in
the higher PTH-dose group than the lower PTH-dose group
and controls, indicating that the higher dose of PTH enhanced
bone maturation of the callus. Indeed, the callus size was signif-
icantly smaller in the higher PTH-dose group compared with the
other two groups. Thus, intermittent PTH therapy, 7.5 pg/kg
twice a week, promoted physiological fracture healing in mon-
keys, which have Haversian remodeling systems.

Long-bone open fractures

High-energy trauma causes open fractures and often results in
fracture nonunion,®® which is a devastating condition with func-
tional disability, prolonged pain, and financial burden. As of
2003, no study had been published to determine the effect of
PTH therapy on open fracture healing and nonunion. Chen and
colleagues studied the effect of a combination of local and sys-
temic PTH treatment on the healing responses of fracture non-
union using a rat femoral critical-sized osteotomy model.*”)
Gene-activated collagen matrices (GAM) releasing PTH (1-34)
were used for the local PTH treatment, whereas daily subcutane-
ous injections of PTH (1-34), 40 pg/kg for 6 weeks were per-
formed as systemic treatment. In this study, systemic PTH
therapy promoted bone healing of critical-sized segmental
defects compared with controls. Notably, the anabolic effect of
systemic PTH therapy during osteotomy healing was enhanced
when combined with local therapy. Tagil and colleagues investi-
gated whether PTH therapy could promote healing of open
fractures as it had been shown to do in closed fractures.?®
Three-month-old male rats received either closed femoral shaft
fractures or open femoral osteotomy with periosteal stripping.
PTH (1-34), 50 pg/kg or saline was administered 5 days/week
for 6 weeks. In closed fractures, union was observed in all ani-
mals regardless of treatment, yet PTH treatment significantly
increased callus size and strength compared with controls. In
open fractures, union was observed in ~2/3 of the animals
regardless of treatment. These data demonstrated lower union
rates in open versus closed fractures as expected but suggested
that PTH therapy is not efficient in promoting healing of open
fractures.

Fracture healing in animal models of osteoporosis

Impaired fracture healing occurs in patients with metabolically
compromised conditions, such as osteoporosis, diabetes, and
advanced age. Intermittent PTH therapy has positive effects on
fracture healing in animals with those conditions (Table 2).
{TBL 2}

Kim and Jahng induced estrogen deficiency in 4-month-old
female rats by performing ovariectomy.®® Three months after
ovariectomy, animals demonstrated reduced bone mass. Closed
tibial shaft fractures were then created, and PTH (1-84), 15 pg/kg
or 150 pg/kg, 17-p estradiol (30 pg/kg), or saline was adminis-
tered daily for 30 days to test if PTH treatment promoted healing
of bone fractures in an osteoporotic-like animal model. Callus
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trabecular bone ratio and mechanical strength were significantly
lower in ovariectomized rats than sham-operated rats, showing
impaired fracture healing in ovariectomized rats. PTH treatment,
regardless of the dose, significantly increased trabecular area
and callus mechanical strength compared with controls. The tra-
becular bone area in the callus with the higher PTH dose was
similar to that in sham-operated rats. No effect of 17-p estradiol
on fracture healing was noted in gonadectomized osteopenic
animals. The results of the study supported that PTH therapy pro-
moted fracture healing in gonadectomized osteopenic animals.
Later, Nozaka and colleagues and Tsuchie and colleagues
reported that PTH therapy exerted its beneficial effects on heal-
ing not only in long bone shaft fractures but also in cancellous
bone osteotomy in gonadectomized osteopenic animals.®%*"

Advanced age

Fracture healing is often compromised in patients with
advanced age. It has been reported that proliferation and
osteoblastogenesis of mesenchymal stem cells decline age-
dependently,®? which would contribute to compromised frac-
ture healing in patients with advanced age. Since intermittent
PTH administration increases osteoblast progenitors indirectly
via increased expression of insulin-like growth factor 1 and fibro-
blast growth factor 2 in the bone marrow environment, it was
expected that PTH would promote fracture healing in aged ani-
mals. Andreassen and colleagues examined the response of frac-
ture healing to PTH therapy in aged animals.®® Closed tibial
shaft fractures were created in 27-month-old female rats. PTH
(1-34) 200 pg/kg was administered daily for 3 or 8 weeks and
resulted in significantly increased mechanical strength and callus
bone mineral content at both timepoints compared with con-
trols. External callus volume was also significantly increased in
the PTH group versus controls. These results clearly support the
PTH promotion of fracture healing in aged animals. The results
of the study were compared with their previous study published
in 1999.7% In control rats, callus formation rate was slower in old
animals compared with young animals. Callus volumes at
8 weeks after fractures in old animals were similar to that in
young animals at 20 days. When animals were treated with
PTH, callus volumes at days 20 or 21 were similar between the
young and old animals. However, callus volumes declined after
20 days of healing in the young animals, whereas callus volumes
remain unchanged from weeks 3 to 8 in the old animals. This
assessment suggested that intermittent PTH administration is
capable of promoting fracture healing in aged animals but with
a less robust response than found in young animals.

Diabetic condition

Compromised fracture healing is found in patients with diabetes
mellitus (DM).®¥ Postmenopausal type 2 DM (T2DM) dysregu-
lates bone metabolism and is associated with cortical porosity
and trabecular defects.®® The effect of PTH therapy on fracture
healing in the diabetic condition was studied using ovariecto-
mized rats with T2DM.®® T2DM was induced in female rats by
high-fat diet feeding and a single injection of low-dose strepto-
zotocin. Ovariectomy was performed after the establishment of
T2DM. Six weeks after ovariectomy, closed femoral shaft frac-
tures were made. PTH (1-34) (50 pg/kg) was administered 5 days
a week in addition to insulin and healing was evaluated at 2 and
3 weeks post-fracture via radiographic, microcomputed tomo-
graphic, and histomorphometric assessment. T2DM impaired
fracture healing significantly compared with controls at weeks

2 and 3. Insulin therapy significantly promoted fracture healing
compared with T2DM controls. The combination therapy of
PTH and insulin further enhanced fracture healing. Significantly
increased bony callus area, BMD, and bone volume fraction were
noted in the combination therapy versus the insulin alone group.
Findings of the study indicate that intermittent PTH administra-
tion strongly enhanced fracture healing in rats with T2DM.

Maxillofacial bones

Almost all studies using animals with PTH effects on fracture
healing have been performed in long bones, which typically heal
via the process of endochondral ossification. Most of the maxillo-
facial bones develop by intramembranous ossification in which
mesenchymal tissue directly converts into bone without inter-
mediate cartilage formation. Because the ossification process is
distinct between maxillofacial and long bones, it raises the ques-
tion of whether PTH administration could exert a beneficial
effect in maxillofacial bone fracture healing. Rowshan and col-
leagues investigated the effect of intermittent PTH administra-
tion on mandibular fracture healing in rats.?” A mandibular
vertical osteotomy was created from the sigmoid notch to the
inferior border of the mandible in male rats and was stabilized
with an external fixation device. PTH (1-34) 10 pug/kg was admin-
istered daily for 1 and 3 weeks. During healing, rats were fed a
soft diet. Densitometric analysis revealed a significant increase
in radiopacity in the PTH group at week 1 but not week 3 com-
pared with controls. The histologic assessment showed a general
trend toward increased new bone formation in the osteotomy
site in the PTH group compared with controls at week 3. The
authors concluded that low-dose intermittent PTH administra-
tion might enhance mandibular fracture healing. To our knowl-
edge, this is the only study that investigated the PTH effect on
fracture healing in maxillofacial bones. Although the method
was sophisticated, the assessment was rather subjective. Hence,
conclusions drawn from this study would benefit from further
validation.

Human subject studies

The results of animal studies collectively support that intermit-
tent PTH administration promotes fracture healing. Human case
studies report PTH as successful in the treatment of nonunion or
delayed union of fracture healing.®3*® Although the PTH doses
used in animal studies were relatively high compared with the
doses used in humans, encouraging findings from preclinical
studies and case reports prompted clinical trials (Table 3). {TBL 3}

Distal radius fractures

Aspenberg and colleagues conducted a multicenter randomized
controlled clinical trial to test the hypothesis that daily teripara-
tide [rhPTH (1-34)] at the 20 or 40 pg dose would accelerate frac-
ture healing in humans.“? Postmenopausal women with a distal
radial fracture were recruited. Patients received either teripara-
tide 20 pg, 40 pg, or placebo daily for 8 weeks and fracture repair
was assessed radiographically. The time to complete cortical
bridging was on average 7.4, 8.8, and 9.1 weeks for teriparatide
20 and 40 pg and placebo, respectively, with no differences
found between groups. The authors then blindly reevaluated
the baseline radiographs and excluded 9 patients citing volar
dislocation, a previous fracture, and minimal dislocation as rea-
sons for exclusion. A post hoc assessment then revealed that
20 pg of teriparatide had significantly shorter healing time
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versus placebo and 40 pg teriparatide groups. The study findings
suggested that the 20 pg teriparatide dose could accelerate frac-
ture repair, whereas 40 pg had no effect.

Aspenberg and Johansson, who were co-authors of this study,
extracted a subgroup of patients from the cohort for further
assessment.*” The subgroup consisted of patients treated at
the Linkdping study site (n = 27). In the subgroup analysis, the
authors evaluated the callus formation 5 weeks after fracture.
Callus formation was arbitrarily classified as rich, intermediate,
or poor using radiographs in a blinded manner. There were
9 patients classified as rich, and they all received teriparatide
(6 patients with 40 pg and 3 patients with 20 pg). Another
9 patients were classified as poor of which 7 patients received
placebo. The subgroup analysis revealed a strong trend that
40 pg of teriparatide had a more prominent positive effect on
radiographic callus formation than 20 pg.

Pelvic fractures

In 2011 Peichl and colleagues investigated the effect of PTH
(1-84) on pelvic-fracture healing in 65 postmenopausal severe
osteoporotic patients.*® The patients who had been treated
for osteoporosis within 6 months before the PTH (1-84) treat-
ment were excluded. Twenty-one patients received a once-daily
injection of 100 pg of PTH (1-84), and the remaining 44 patients
served as untreated controls. CT scanning was taken at baseline
and repeated every fourth week until cortical bridging at the
fracture site was confirmed. The average time to healing was
7.8 and 12.6 weeks for the PTH group and controls, respectively.
PTH treatment accelerated the time to cortical bridging signifi-
cantly versus controls. At 8 weeks, all fractures healed in the
PTH group, whereas only 4 of 44 control fractures healed
(p < 0.001). The study further evaluated the functional outcome
with the use of a timed up-and-go (TUG) test and found signifi-
cantly improved function in the PTH group versus controls. The
results of the study strongly indicated that PTH (1-84) treatment
promoted healing of pelvic fractures in elderly patients with
severe osteoporosis.

Hip fractures

Falls often cause a hip fracture in the elderly population, which
then results in a dramatic decline in BMD and a slow recovery.“”
Bhandari and colleagues performed a multicenter randomized
controlled clinical study to determine if teriparatide could
enhance hip fracture healing.*® Teriparatide at 20 pg (n = 78)
or placebo (n = 81) was administered daily for 6 months. The pri-
mary endpoint was the occurrence of revision surgery rate at
1-year post-fracture. The study found that the rate of revision
surgery was not different between groups (17% in the PTH group
and 14% in controls). Moreover, no differences were noted in
radiographic healing between groups at 10 weeks, 6 months,
or 12 months. This particular clinical study indicated that teri-
paratide failed to reduce the risk of revision surgery and to
improve radiographic signs of fracture healing compared with
placebo.

Malouf-Sierra and colleagues reported the results of a multi-
center randomized clinical trial that evaluated the effect of teri-
paratide and risedronate on femoral neck BMD in patients with
pertrochanteric hip fracture.*® In the study, 20 pg teriparatide
was administered daily (n = 86), whereas 35 mg oral risedronate
was administered once weekly (n = 85) for 78 weeks. At study
end, teriparatide treatment resulted in a significant increase in
the BMD values of the lumbar spine and femoral neck compared

with risedronate treatment. Although the study was not
intended to analyze fracture healing, it should be noted that ter-
iparatide treatment resulted in significantly less pain at week
18 and better function (faster TUG test) at weeks 6, 12, and 18.

Lower-extremity stress fractures

The short-term effects of teriparatide administration on fracture
healing were studied in premenopausal women with lower-
extremity stress fractures (tibia, metatarsal, femoral neck, fibula,
and calcaneus).®? In this randomized, double-blinded study,
the levels of bone biomarkers such as procollagen type | N-
terminal propeptide (P1NP), osteocalcin, and C-terminal telopep-
tide of type | collagen (CTX) were measured before and after
teriparatide administration for 8 weeks. Fracture healing was
assessed by magnetic resonance imaging (MRI) before and after
teriparatide therapy as well. Teriparatide-treated women with
fractures had a significantly greater anabolic window compared
with placebo-treated women with fractures. With the elevated
anabolic window at the systemic level, complete or improved
fracture repair was noted in 83.3% of women in the
teriparatide-treated group versus 57.1% of women in the
placebo-treated group. Although the differences were not signif-
icant at 8 weeks, teriparatide improved fracture healing com-
pared with placebo.

Humerus fractures

Johansson performed a study to determine the effect of teripara-
tide on healing of proximal humerus fractures in 40 postmeno-
pausal women who never received bisphosphonates.®"
Teriparatide at 20 pg was administered once daily for 4 weeks.
Pain and radiographs were assessed at baseline and weeks
7 and 12. Radiographic callus formation was arbitrarily classified
as “normal” or “better.” No differences were noted in radio-
graphic callus formation, pain, and function between the teri-
paratide group and controls. Although this study was
underpowered, it suggested that at this dose, teriparatide was
not able to improve healing of proximal humerus fractures in
postmenopausal women.

Bisphosphonates and fracture healing

Patients who develop osteoporotic bone fractures are often
already receiving bisphosphonate therapy before a fracture
occurs. Because bisphosphonates are retained in bone for years
after the cessation of drugs and continue suppressing bone
remodeling, there is a concern that bisphosphonates may hinder
fracture healing.(SZ) Indeed, atypical femoral fractures (AFF) and
osteonecrosis of the jaw (ONJ), both of which are challenging
to treat, are associated with suppressed bone turnover in associ-
ation with bisphosphonates.”>* However, findings from animal
studies indicate that while bisphosphonates may delay callus
remodeling, overall healing is not hampered.®>*® In fact, such
treatment increases the size and mechanical strength of cal-
luses.®”*® Interestingly, bisphosphonate therapy has an inhibi-
tory effect on primary fracture healing (no callus formation),
which happens when bone fragments are rigidly fixed.®%¢% This
suggests that bisphosphonates may not be useful when very
rigid fixation is achieved. However, such situations are unlikely
to happen in real life.
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Table 4. Human Subject Studies—PTH and Fracture Healing in Patients Previously Treated with BPs

Subject Study design Findings Reference
n=189 Surgically treated osteoporotic TPTD had significantly shorter time-to-union, Huang

Retrospective intertrochanteric fractures; TPTD (20 pg/d) for better QOL, and lower-frequency etal,”"
study 6 months with or without a history of BP complications and mortality rates regardless 2016

treatment vs. controls
14 AFF patients
Prospective
study
BL and 6 months.

45 AFF patients

(37 Sx and 8 without TPTD. Time to healing and frequency
conventional of delayed healing or nonunion were
therapy) assessed.

13 AFF patients 7 patients received TPTD (20 pg/d) for
All women 12 months immediately after AFF and 6

patients received TPTD for 12 months

beginning 6 months after AFF. Radiographic
healing at 6 and 12 months was assessed.

5 patients received TPTD (20 pg/d) for 6 months
and 9 patients conservative treatment.
HRpQCT scans of the distal radius and tibia at

37 surgically treated patients: 16 with and 21

of previous BP treatment.

TPTD significantly increased bone remodeling Chiang
markers and resulted in less dense bone at etal,”¥
the distal radius and tibia. TPTD promoted 2013

fracture healing compared with conservative
therapy.

TPTD treatment significantly shortened time to ~ Miyakoshi
healing and lowered the frequency of delayed etal,”®
healing or nonunion vs. non-TPTD treatment. 2015

Superior healing with immediate TPTD therapy = Greenspan
vs. delayed therapy. There were lesser BMD etal,’®

declines at the distal 1/3 radius in the 2018

immediate vs. delayed group.

TPTD = teriparatide [rhPTH (1-34)]; BP = bisphosphonate; QOL = quality of life; HRpQCT = high-resolution peripheral micro-computed tomography.

Effects of teriparatide versus bisphosphonates on healing

Although PTH and bisphosphonates are used for the treatment
of osteoporosis, their actions are distinct. PTH promotes bone
turnover, whereas bisphosphonates suppress it. Aspenberg and
colleagues compared the therapeutic effects of teriparatide
(20 pg/d) with risedronate (35 mg/week) on recovery after per-
trochanteric hip fractures.®” The medication was started within
2 weeks after the fixation of a fracture and lasted for 26 weeks.
The TUG test, hip pain, and radiographic healing were assessed.
It was found that teriparatide treatment resulted in less pain and
a shorter time to complete the TUG test than risedronate.

A retrospective study was performed to compare the effects
of teriparatide (20 pg/d) with alendronate (35 mg/week) on heal-
ing of osteoporotic vertebral compression fractures.®? Radio-
graphic healing and the rate of surgical interventions were
assessed. The study found that teriparatide produced a shorter
time-to-union and lower incidence of surgical interventions than
risedronate treatment.

PTH effects on healing in patients with previous bisphosphonates

Many patients with osteoporosis receive bisphosphonate ther-
apy. Since bisphosphonates suppress bone remodeling for years
even after their cessation, those patients are expected to
respond to PTH therapy differently from those without a history
of bisphosphonate treatment. The bone anabolic effect of PTH
therapy was shown to be blunted when teriparatide was used
after or concomitant with alendronate treatment.®>-%% How-
ever, recent studies have shown that teriparatide therapy
(20 pg/d for 2 years) increased the BMD and bone formation in
patients with osteoporosis, irrespective of their history of bispho-
sphonate treatment.®®-%® Teriparatide administration increased
cortical bone formation and turnover and improved cancellous
bone microstructure.®>’® Thus, teriparatide administration
appears to have positive effects on patients with osteoporosis
previously treated with bisphosphonates. A retrospective study
was conducted to assess the effect of teriparatide on intertro-
chanteric fractures in 189 osteoporotic patients who received

surgical interventions followed by teriparatide administration
at 20 pg/d for 6 months.”" In this study, patients who received
teriparatide had significantly shorter time-to-union and reduced
complications compared with controls regardless of previous
alendronate treatment. Furthermore, the quality of life (QOL)
score was significantly better in the teriparatide group at months
3 and 6 versus controls regardless of prior alendronate treatment
(Table 4). {TBL 4}

PTH effects on healing of atypical femoral fractures

An AFF is a rare complication associated with long-term bispho-
sphonate treatment.®® The pathobiology of AFFs is not clear,
but since the cessation of bisphosphonates reduces the risk of
AFFs,"273 suppressed bone turnover is suspected to be
involved. Teriparatide, which stimulates bone turnover, has
therefore been studied for its potential to promote healing of
AFFs. However, a large-scale study cannot be easily conducted,
as AFFs are rare. Chiang and colleagues compared the healing
of AFFs with and without teriparatide therapy.”* Five patients
received teriparatide, while 9 did not. The study found that teri-
paratide therapy for 6 months significantly increased serum
bone remodeling markers and was associated with decreased
pain and improved healing. A retrospective study was performed
to determine the effect of teriparatide therapy on healing of
AFFs. The medical records of 37 patients who received surgical
intervention were reviewed, and healing was compared
between patients with and without teriparatide therapy.(75) Time
to healing and the frequency of delayed healing or nonunion
were assessed. Teriparatide therapy significantly shortened the
healing time and resulted in a reduced incidence of delayed
healing or nonunion compared with non-teriparatide therapy.
The pro-healing effect of teriparatide therapy on AFFs was com-
pared between patients with immediate initiation and a delay of
6 months.”® In that study, radiographic bone healing at 6 and
12 months was assessed in 13 women with AFFs. The study
found that immediate teriparatide initiation promoted healing
of AFFs more than delayed initiation did.
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PTH-related protein (PTHrP)

PTH and PTHrP both bind to the same receptor (PTH1R) with similar
bioactivity in their N-terminal region. This forms a rational founda-
tion that PTHrP would be osteoanabolic as well as benefit fracture
healing and several studies have supported this (Table 5). {TBL 5}

In 2000, Bostrom and colleagues utilized a rabbit ulnar model
with a 1 mm defect and superimposed steroid associated compro-
mised wound healing.”” A PTHrP analog, R5-66271 was adminis-
tered that resulted in an increased radiographic union and
increased callus size versus saline controls. Further important work
that suggested PTHrP may be beneficial for fracture healing came
with a study that demonstrated that PTHrP haploinsufficiency
resulted in compromised fracture healing.”® In 2015, Liu and col-
leagues performed a mid-diaphyseal fracture healing experiment
in wild-type and leptin receptor mutant mice. PTHrP administra-
tion for 2 weeks at 80 pg/kg significantly increased callus size to
a greater extent in wild-type than leptin receptor mutant mice.””
More recently, a follow-up study using PTHrP haploinsufficiency
mice found that the administration of PTHrP (80 pg/kg) to
8-week-old mice with closed mid-diaphyseal femur fractures
resulted in increased callus size and bone mineral density in both
wild-type and haploinsufficiency mice.®? These animal studies
support findings that are similar to intermittent PTH and PTHrP
both facilitating improved fracture healing and overall outcomes.

Renewed interest in PTHrP has surfaced since abaloparatide was
approved by the FDA for the treatment of postmenopausal osteo-
porosis in 2017. Abaloparatide, a PTHrP 1-34 analog, is identical to
PTHrP in the first 20 amino acids and then has 50% similarity in
amino acids 21 to 34. Abaloparatide has selective activation of
the PTH1R and has been described as having an advantage over
teriparatide in that it does not activate osteoclasts to the same
extent." In human studies for postmenopausal osteoporosis with
fracture risk as an outcome, abaloparatide significantly reduced
fracture risk and increased trabecular bone scores.'%8%83) very
few studies have been performed to evaluate the effect of abalo-
paratide on fracture healing. Bernhardsson and Aspenberg per-
formed the initial study that evaluated both teriparatide and
abaloparatide.® Since it is proposed that abaloparatide is not as
osteoclast inductive as teriparatide, it would seem that there may
be a difference in their actions during osseous wound healing. A
comparison of teriparatide and abaloparatide was performed in
mouse tibial drill hole defects and femoral osteotomy defects. Mul-
tiple doses of both teriparatide and abaloparatide were utilized in
the tibial defects with a dose-dependent increase in pullout
strength of tibial steel screws versus controls for both treatments,
reflecting benefits to osseous healing. In mice with femoral defects,
one dose of teriparatide (15 pg/kg) and abaloparatide (60 pg/kg)
was utilized. Control mice had a 23% increase, teriparatide had a
38% increase, and abaloparatide had a 47% increase in callus
BV/TV. The callus BV/TV was significantly increased in both teri-
paratide and abaloparatide groups versus controls but there was
no difference between teriparatide and abaloparatide. Further
studies with increased clarity on the osteoblastic and osteoclastic
responses of both agents relative to fracture healing may be valu-
able to discern potential clinical applications. The most recent
study of abaloparatide and fracture healing was a rat study that
compared two doses (5 and 20 pg/kg/d) in 12-week-old rats for
4 or 6 weeks.®> Abaloparatide treatment resulted in greater callus
area and volume, higher bridging scores, and greater callus maxi-
mum load and stiffness versus vehicle controls.

As with PTH, preclinical studies using PTHrP or an analog are
promising; however, there is a need in general for more

mechanistic studies to better strategize therapeutic options. To
date, there are no apparent human studies using abaloparatide
for the purpose of fracture healing.

Primary hyperparathyroidism and bone fracture healing

Primary hyperparathyroidism (PHPT) is characterized by hyper-
calcemia with elevated or inappropriately normal serum PTH
levels. PHPT mainly affects the skeleton and kidney, but their
involvement is relatively mild in developed countries. Patients
with PHPT have a low BMD in cortical bone-rich sites, such as
the distal one-third radius and femoral neck, while the BMD is
spared at trabecular sites such as the lumber spine.®®®”) Because
of these observations, PHPT is thought to have differential
effects on bone: catabolic on the cortical and anabolic on the tra-
becular bone. However, the histomorphometric assessment of
iliac crest biopsies from patients with PHPT showed an increased
activation frequency, shallower resorption pits, and thinner walls
of the trabeculae than in patients without PHPT, indicating that
PHPT greatly altered the trabecular architecture.®® Indeed, an
epidemiological study revealed that patients with PHPT had an
increased risk of vertebral, distal forearm, rib, and pelvic fractures
compared with those without PHPT.®® Even though the BMD
values of the spine according to DXA were not altered, vertebral
fractures occurred to a similar degree as distal forearm fractures.
This raises the question of whether or not PHPT has an anabolic
effect on trabecular bone-rich sites.

Stein and colleagues studied the cortical and trabecular micro-
structures at the radius and tibia using high-resolution peripheral
quantitative tomography (HR-pQCT).®® Their study found a thin-
ner cortex and more widely spaced and heterogeneously distrib-
uted trabeculae in patients with PHPT than in non-PHPT controls.
Such microstructural abnormalities would account for the overall
increased fracture risk in PHPT patients. Thus, PHPT deteriorates
not only the cortical but also the trabecular bone.®'*?

Because bone is a target organ of PTH, continuously elevated
serum PTH levels in PHPT patients likely affect bone fracture
healing. A study showed that continuous teriparatide infusion
to mice resulted in delayed healing of tibial fractures.®®
Although the literature on fracture healing in PHPT patients is
sparse, case reports may provide insight into the effect of PHPT
on healing.®**® Lancourt and Hochberg reported 4 fracture
cases with delayed healing or nonunion in PHPT patients. After
the excision of a parathyroid adenoma, the serum calcium levels
were corrected, and healing occurred without further delay.®®
The pro-healing effect of the removal of a parathyroid adenoma
on compromised fracture healing in PHPT patients can be found
in other reports as well.®*% In contrast, however, Chalmers and
Irvine reported that parathyroidectomy or the correction of
serum chemistry did not promote healing of hip fractures in
5 elderly patients (average age 76 years) with hyperparathyroid-
ism and osteoporosis.®” It should be mentioned that, in those
particular cases, the health status of 3 patients was extremely
poor, and 1 showed marked bone loss. Such pathological condi-
tions likely have additional negative influences on healing.

Discussion

The results of animal studies clearly indicate that intermittent
PTH administration promotes fracture healing by accelerating
callus formation and ossification. The results of human subject
studies are also supportive of PTH promoting fracture healing
yet are fewer and not as overwhelming. The doses used in animal
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studies range from 1 to 200 pg/kg/d with the majority being
10, 30, and 40 pg/kg/d. When these doses are converted to
human equivalent doses using the body surface area (BSA) nor-
malization method, 10, 30, and 40 pg/kg for rats are comparable
t0 97, 292, and 389 pg for a human weighing 60 kg.®® Although
the conversion is based solely on BSA and therefore may not be
entirely accurate, the conversion suggests that the doses used in
animal studies are high compared with the approved human
dose, which is 20 pg/d for the treatment of osteoporosis. Because
the animal studies show that PTH administration promoted frac-
ture healing dose-dependently, differences in outcomes
between animal and human studies could in part be attributed
to the high doses used in animal studies. Osteoporotic fractures
generally occur during the post-senescence period in humans.
Rats reach sexual maturity, adulthood, and reproductive senes-
cence at approximately 50 days, 7 months, and 1.6 years, respec-
tively."%? Therefore, the vast majority of animal studies used
young adult metabolically active rats. At this life stage of rats
(<7 months old), 10 rat days can be considered to be equivalent
to 1 human year.""°” Taking this temporal ratio into account, PTH
therapy in animal studies is less frequent with longer duration
than that in humans. Furthermore, although rodents and
humans share comparable systemic physiology and show simi-
larities in pathogenesis, rodents show 30~50 times faster geno-
mic responses in inflammatory conditions than humans.'®"
Therefore, further investigations are needed to optimize the
PTH dose, frequency, and duration for fracture healing in
humans. Among different species, great variations in bone
micro- and macroarchitectures, mineral density, chemical con-
tents, metabolism, remodeling, and healing mechanisms
exist."271%) For instance, the cortex of rat long bones consists
of the primary bone tissue with dispersed Haversian systems
near the endosteal surface."° In contrast to humans, intracorti-
cal or endosteal remodeling is generally absent in rodents when
they are young."%”'%® Since bone anabolism by intermittent
PTH administration is accompanied by enhanced bone remodel-
ing, the general lack of intracortical remodeling in young rodents
might require a higher PTH dosage to increase bone mass than
would be needed in humans. Another possible explanation for
the discrepancy in outcome is the difference in fracture sites
between animal and human studies. Closed femoral or tibial
shaft fractures were predominantly used in animal studies,
whereas distal radial, pelvic, hip, and proximal humerus fractures
were used in the human studies. Even though the biological pro-
cess of fracture healing may be similar among those sites, the
local biomechanical and biological environment would differ,
which could alter the response to PTH therapy. Moreover, radio-
graphs were exclusively used to assess fracture healing in human
studies. Since it would be challenging ethically to perform the
immunohistochemical, histomorphometric, microcomputed
tomographic, or mechanical assessment of a fracture site in
humans for research purposes, analytical tools in human studies
were not as sensitive as those in animal studies. This might also
affect differences in outcomes. Future studies evaluating the
impact of PTH or PTHrP on fracture healing at different skeletal
sites may provide new insights to anabolic mechanisms of PTH,
PTHrP, and their analogs.

PTH therapy affects the entire body even though it is intended
to use for the promotion of fracture healing. Therefore, bone
mass in nonfracture sites in the same skeleton is increased. How-
ever, as shown in a study by Nakajima and colleagues,'® fracture
sites in young rats show greater anabolic responses to PTH than
the contralateral nonfractured bone sites, indicating that the

effects of PTH are augmented at fracture sites where bone
metabolism is active. Nonetheless, bone mass is increased to
some extent in other nonfractured bone sites depending on
the duration of PTH therapy and the age of patients. Daily PTH
administration is limited to 2 years or less for the treatment of
osteoporosis in humans. Although the duration would be shorter
if PTH were applied to promote fracture healing, the conse-
quences of discontinuing PTH (ie, rebound) on the skeleton are
a concern, especially when elderly patients with systemic dis-
eases receive PTH therapy. In animal studies, the duration of
PTH therapy is typically for 3~6 weeks in fracture healing studies
as well as bone anabolism studies. Therefore, studies for bone
anabolism by PTH can be considered to obtain insight into the
consequence of discontinuing PTH on the new bone formed in
response to PTH therapy. Studies have shown that the cessation
of PTH therapy induces loss of new bone mass in animals.'%%""?
Accumulating evidence indicates that the discontinuation of
PTH therapy results in not a rapid but a gradual decline in the
BMD over 2 to 3 years in humans."""’"""® Such a decline in
the BMD appears to be site-dependent. A large decrease has
been reported for the lumbar spine, which is a trabecular
bone-rich site, while a relatively slow decline has been
observed for the femoral neck, total hip, and distal one-third
of the radius.""*""® Furthermore, the effects of discontinuing
PTH may depend on the sex."'”” Women with osteoporosis
may lose a greater portion of their BMD than men with osteo-
porosis after the cessation of teriparatide. Although bone loss
after the cessation of PTH is inevitable, switching to antiresorp-
tive therapy, particularly bisphosphonates, prevents the
decline in the bone mass.©*''21'8) At present, almost all stud-
ies on the effects of PTH cessation have investigated changes
in the BMD values of the spine, total hip, femoral neck, or distal
radius. No studies have yet described how PTH cessation
affects the bone mass and quality of healed bone at fracture
sites as well as newly formed bone at nonfracture sites in aged
patients with systemic diseases. Further studies are necessary
to address the post-treatment sequelae regarding fracture
healing once PTH is discontinued.

Osteoporosis is a major health care concern for the elderly
population. Roughly 1 in 2 white women and 1 in 5 men are pre-
dicted to have an osteoporosis-related fracture in their lifetime in
the US.""® As the population ages, "% the risk of fractures in the
advanced age group, which is associated with high morbidity
and mortality rate, should increase."?" Therefore, it is important
to establish noninvasive therapy to promote healing of compro-
mised fracture repair in long bones and vertebrae. Patients with
osteoporosis are often on bisphosphonate treatment. PTH ther-
apy appears to have positive effects on fracture healing in
patients previously on bisphosphonates. This suggests that oste-
oclasts (as bisphosphonate targets) may not play a major role in
the early phase of osseous healing.®® Indeed, post-fracture
bisphosphonate treatment had no negative effects on healing,
although it slowed callus remodeling."?? Since PTH showed
effectiveness in AFF healing,”*”® it may be possible that PTH
therapy reverses the suppressed osteoclast activity by bispho-
sphonates. When the therapeutic effect on fracture healing was
compared between teriparatide and bisphosphonates, better
outcomes were observed with teriparatide.®"*? This may sug-
gest that although osteoclast suppression is not detrimental,
better healing is achieved with osteoclast activation. However,
as the evidence is not extensive, more research is needed to have
a better understanding of osteoclast suppression during osseous
healing.
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As for craniofacial bones, the majority of fractures in young
and elderly populations occur due to traffic accidents, sports,
interpersonal violence, or falling.!'?® Complications, such as non-
union, malunion, fibrous union, and infection, occur in maxillofa-
cial fracture healing, particularly in the mandible."*¥ Such
complications often result in malocclusion, facial asymmetry,
and osteomyelitis, all of which need to be corrected to improve
function and quality of life. If PTH promotes craniofacial fracture
healing, it would be a strong adjunct therapy. Currently, how-
ever, there is only one animal study that investigated PTH effects
on craniofacial fracture healing.®” In contrast, there have been
numerous case reports with positive results for the administra-
tion of teriparatide for osseous healing in osteonecrosis of the
jaw.(1257129 additional investigations will clarify its therapeutic
potential for the treatment of maxillofacial fractures and other
osseous conditions.

In summary, intermittent administration of PTH increases
bone mass and has been approved as a therapeutic agent for
the treatment of osteoporosis. Although promising, its optimal
therapeutic potential in bone fracture healing is yet unclear.
Accumulating evidence indicates that the intermittent adminis-
tration of PTH promotes fracture healing in animals. However,
the off-label use of PTH in human clinical trials suggests benefits
for fracture healing fall short of the overwhelmingly positive
results in animals. In particular, research on the effects of PTH
in maxillofacial fracture healing is far from satisfactory. Since
findings from animal studies and case reports are encouraging,
future studies to examine the dose, timing, and duration of
PTH administration are necessary to delineate the optimal thera-
peutic potential of PTH for fracture healing.
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