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Abstract

Purpose of Review Substantial advances have been made in understanding the biological basis of fracture healing. Yet, it is
unclear whether the presence of osteoporosis or prior or current osteoporosis therapy influences the healing process or is
associated with impaired healing. This review discusses the normal process of fracture healing and the role of osteoporosis
and patient-specific factors in relation to fracture repair.

Recent Findings The definitive association of osteoporosis to impaired fracture healing remains inconclusive because of limited
evidence addressing this point. eStudies testing anabolic agents in preclinical models of ovariectomized animals with induced
fractures have produced mostly positive findings showing enhanced fracture repair. Prospective human clinical trials, although
few in number and limited in design and to testing only one anabolic agent, have similarly yielded modestly favorable results.
Summary Interest is high for exploring currently available osteoporosis therapies for efficacy in fracture repair. Definitive data
supporting their efficacy are essential in achieving approval for this indication.

Keywords Fracture healing - Risk factors - Osteoporosis - Bisphosphonates - Denosumab - Estrogen - Raloxifene - Parathyroid

hormone (PTH) - PTH-related peptide - Atypical femoral fracture - Sclerostin - Dickkopf-1

Introduction

Impaired fracture healing has serious medical consequences
for patients and the health care system. It is estimated that 10—
15% of all fractures develop the complications of impaired
healing, such as delayed union or non-union [1], although
rates vary by anatomic location of the fracture [2].
Osteoporosis, characterized by low bone mass and weakened
bone microarchitecture and strength, is known to increase the
risk of fragility fractures, but the role of the disease itself in
disrupting the healing process is less clear. Over two million
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osteoporotic fractures occurred in 2005, corresponding to a
financial burden of ~ $17 million [3]. Moreover, the incidence
of osteoporotic fractures in the US is predicted to rise to over
three million by the year 2025 [3], in parallel with similar
trends in Europe and even higher incidence in Asian countries.
Overall, ~40% of women and ~ 14% of men over age 50 are
projected to suffer from an osteoporotic fracture in their re-
maining lifetime [4]. Adding to these alarming statistics is the
notion that osteoporosis also contributes to the rates of high
impact fractures, where the extent of causative injury results
from falls from greater than a standing height of the individual
to road and motor vehicle accidents, implying that osteoporo-
sis is potentially responsible for the majority of fractures [5].

As a health care issue, the problem of fracture healing is a
critical one. The consequences that impaired fracture healing,
particularly non-unions, impose on patients and the health
care system of additional medical costs for more treatments,
must be added to the indirect financial costs of lost work
productivity [6]. Two US studies that analyzed the median
healthcare cost per tibial fracture non-union have estimated
it to be $11,333 and $25,556 for years 1997 and 2006, respec-
tively (doubling in less than 10 years) [7, 8]. A European
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study across three countries that specifically examined the
prospective productivity loss, in addition to healthcare cost,
found that there was a saved cost of €7380 to €8145 associated
with faster healing time of 221 days in open tibial fracture
patients who received adjunct therapy with bone morphogenic
protein 2 (BMP-2), as opposed to 266 days without this treat-
ment [9].

Mechanisms of Normal and Impaired Fracture
Healing

Definition of Impaired Fracture Healing

Although the time to healing differs with the specific fracture
type and severity, most long bone fractures heal in 68 weeks,
and 8-10 weeks is the usual healing time for vertebral frac-
tures. The majority of fracture experiments consider the for-
mation of bony callus with bridging as the end-point of frac-
ture healing [10]. Impaired fracture healing beyond these ex-
pected time frames typically manifest as either delayed union
ornon-union [11, 12]. There is no consensus on a standardized
definition of delayed union, but non-union is defined as failure
to heal by 9 months or the lack of progressive signs of healing
by 3 months, according to the US Food and Drug
Administration (FDA) [13]. Fracture non-unions are further
divided, based on Weber’s classification, into hypervascular
and avascular non-unions [14]. Whereas hypervascular or hy-
pertrophic non-unions appear to be consequences of instabil-
ity at the fracture fixation site that present as a large
cartilagenous callus lacking a bony bridge, avascular (also
called atrophic) non-unions demonstrate minimal to absent
callus formation [15]. Etiologies of avascular non-unions are
multiple, often involving critical damage to intrinsic factors
local to the fracture site, resulting in disruption of the funda-
mental healing process. Optimization of fixation to enhance
stability as the treatment of choice for hypervascular non-
unions where the biological support for healing remains intact
is unlikely to heal avascular non-unions without the addition
of some form of adjunctive therapy [15].

Risk Factors for Delayed Fracture Healing
Introduction

Multiple risk factors have been identified that affect fracture
healing [16]. Extrinsic factors include medical comorbidities
and use of certain medications. Even social habits like
smoking and alcohol consumption, in particular, can contrib-
ute to impaired healing. Intrinsic factors, such as injury to
periosteum or endosteum and poor vascularization at the inju-
ry site, also directly influence the healing process.

This review will provide a concise background on fracture
healing including the pathophysiology, risk factors, and med-
ical treatment. The interested reader is referred to excellent
recent reviews on the topic [6, 16, 17]. We will highlight
current evidence on the relationship of osteoporosis to fracture
healing and separately discuss the distinctive biology of oste-
oporotic fracture healing, the risk factors for impaired healing,
and the effects of osteoporosis treatments on fracture healing.
The latter topic is one confronted daily in the offices of clini-
cians and on the hospital wards where patients with disabling
fractures are admitted and treated. The scope of therapeutic
agents we present in this review is limited to systemically
administered osteoporosis medications. There is considerable
work on other approaches to augment healing, ranging from
stem cell implantation to the local delivery of biological fac-
tors and biomechanical devices that has been published [17¢].

Biology of Fracture Healing

Most fractures heal via a process of secondary healing, in
which intramembranous ossification precedes and overlaps
with endochondral ossification and ultimately results in bony
bridging of the fracture gap. This is opposed to primary
healing, during which direct bone formation occurs under
condition of absolute stability, achieved with rigid fixation
following perfect reduction with minimal to absent callus de-
velopment [6, 16]. The formation of a hematoma and inflam-
mation at the fracture site initiate the process. The release of
cytokines and various immunogenic factors promotes recruit-
ment and migration of mesenchymal stem cells from the peri-
osteum and endosteum to the site [6]. This is accompanied by
an increase in local vascular perfusion at the fracture site. The
process is modulated by multiple signaling molecules that
include fibroblast growth factor (FGF) 2, BMPs, insulin like
growth factors (IGFs), and parathyroid hormone related pro-
tein (PTHrP) at distinct steps. Osteoblastogenesis is preferen-
tially induced at the periosteum, which begins the process of
intramembranous ossification. That process involves osteo-
blasts directly depositing osteoid that later becomes mineral-
ized bone [6, 16]. Endochondral ossification, on the other
hand, involves sequential steps of chondrogenesis through cell
differentiation, the formation of a cartilagenous callus that
bridges the bony ends, mineralization and expansion of the
immature callus, and remodeling of the callus by osteoblasts
and osteoclasts that replace woven bone with mechanically
stronger lamellar bone [6]. The process may be divided into
an early anabolic phase, where the callus forms via
intramembranous or endochondral ossification, followed by
a catabolic phase that includes remodeling of the formed cal-
lus into a mature mineralized callus [16]. Risk factors for
avascular non-union include the following: [1] perturbation
of local factors; [2] periosteal stripping; [3] loss or disruption
of the hematoma; and [4] morphology of the fracture site
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itself, such as a large fracture gap, bone fragment comminu-
tion and displacement, or an open fracture with segmental loss
that critically damages the integrity of the scaffold on which
the fracture should heal [16, 18]. Furthermore, these injury
factors may account for the higher susceptibility of certain
skeletal sites to development of non-union following a frac-
ture, such as the tibia, related to its thin surrounding soft tissue
coverage predisposing to comminuted and open fractures that
are associated with devitalization of ends of the bones and
vascular damage [19].

Special Aspects of Healing in Osteoporotic Fractures

The argument that fractures in individuals with osteoporosis
are intrinsically different from fractures that occur in individ-
uals with normal bone mass derives largely from orthopedic
studies reporting greater implant fixation failures in individ-
uals with osteoporosis who have fractured. These failures are
ascribed to altered underlying bone quality, rather than hard-
ware failure [20]. These failures are attributed to reduced bone
mass and compromised biomechanical properties of the bone
associated with osteoporosis [20, 21¢]. Specifically, thinned
cortices with increased porosity [21¢], altered orientation of
trabeculae with respect to direction of loading [21¢, 22], and as
changes in the composition of bone matrix [23] have all been
linked to poor bone quality and lower mechanical perfor-
mance that associates with up to 10% complication rates of
non-unions following surgical repair raising the possibility of
healing of osteoporotic fractures being a process distinctive
from non-osteoporotic fractures [24].

Animal models that incorporate ovariectomy in combina-
tion with a low calcium diet, according to the FDA [25], best
mimic the state of post-menopausal osteoporotic bone. It is
additionally felt that achievement of complete bone disconti-
nuity by complete osteotomies better characterize clinical
fractures over simplified methods, such as drill hole defects
or partial osteotomies that heal differently [26].

Studies in such models have revealed disruption in either
the anabolic or catabolic phases of fracture healing that overall
are associated with significantly lower maximum load but
prolonged fracture healing time, shown in a systemic review
of 26 animal trials specifically examining fracture biomechan-
ical characteristics [27]. Defects associated with the anabolic
or early phase of healing have been reported in several studies,
as exemplified in both a sheep tibial osteotomy and a rat open
femoral fracture model [28, 29] that yielded reduction in cal-
lus areca and bone mineral density (BMD) in as early as
3 weeks post-fracture as well as a 2-week delay in bending
stiffness in osteoporotic groups. Other investigations focusing
on catabolic phase of healing, including a rat tibial and rat
femoral fracture model [30, 31], found evidence of delay in
endochondral ossification resulting in decreased callus failure
load and stress. Again, majority of fracture experiments
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consider formation of bony callus with bridging as the end-
point of fracture healing, whereas evaluation of the remodel-
ing phase is rarely performed [10].

While these findings seem to support an influence of oste-
oporosis on fracture healing, they remain debatable, as the
experimental parameters are inconsistent, with wide variation
in fracture type or animal age studied [21¢].

Recent progress has been made in designing experi-
ments that more precisely simulate the clinical scenarios
of osteoporotic fractures, which commonly occur at the
metaphyseal regions [32], rather than the diaphyseal lo-
cations characteristic of most lab-generated fractures.
Although very few in number, results from these more
recent studies support findings from diaphyseal fracture
models that the healing of osteoporotic bone eventually
produces a bone of significantly less mechanical
strength, evidenced by both lower yield point and lower
bending rigidity on biomechanical testing [33, 34]. One
study additionally revealed abnormal bony bridging of
the formed callus with higher unmineralized content rel-
ative to control [34].

Risk Factors for Altered Fracture Healing
Smoking as a Risk Factor

One meta-analysis of both intrinsic and extrinsic risk factors
linked to impaired fracture healing revealed that smoking was
as significant a risk factor as certain fracture site-specific fac-
tors conventionally associated with greater contributions to
impaired healing [35]. Animal studies have demonstrated the
negative impact of smoking on fracture healing related to nic-
otine, which causes vasoconstriction leading to decreased per-
fusion and is thought to play a role in lowering mechanical
strength of the formed callus [36-38]. Multiple studies and a
systematic review have validated smoking as a major risk
factor for non-unions [35, 39]. Comparing smokers to non-
smokers, the former have statistically significantly longer
healing times as well as higher infection rates [39]. Other
studies have suggested that the healing time and union of
fracture are improved by smoking cessation [40, 41]. The
impact of alcohol consumption on fracture healing is less well
studied in comparison, with most of the evidence derived from
animal studies that have shown impairment of biological
healing at multiple steps include induced osteoblast dysfunc-
tion [42, 43], increased oxidative stress indirectly inhibiting
activation of Wnt pathway [44, 45], and suppression of mes-
enchymal stem cell migration to the fracture site [46]. Both
higher fracture risk and association with non-unions have
been observed with alcohol abuse in few orthopedic studies
[47, 48].
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Diabetes as a Risk Factor

Increased fracture risk is established for patients with type 1 or
2 diabetes mellitus [49]. As importantly, however, are the
elevated rates of impaired fracture healing in patients with
diabetes [50, 51].These rates are reported to be as high as a
3.4-fold increased risk of delayed or non-unions, compared to
those without diabetes [50]. The pathogenesis of impaired
healing in patients with diabetes, based on findings from ex-
perimental studies, is noted to be multifactorial, involving
poor recruitment and differentiation of mesenchymal stem
cells at the fracture site [52], imbalance on a cellular level
between osteoblastic and osteoclastic activity [53], as well as
altered type I collagen synthesis from non-enzymatic
glycation [54, 55]. Clinical studies have further delineated that
more diabetics with complications, such as peripheral neurop-
athy and vasculopathy after ankle surgeries, for example, suf-
fer from non-unions compared to patients with diabetes with-
out complications [56]. Another study of risk factors for poor
healing in patients with diabetes undergoing arthrodesis,
osteotomy, or fracture reduction found a significant associa-
tion of peripheral neuropathy and hemoglobin Alc > 7% with
the ultimate development of non-union, delayed union, and
malunion [57].

Medications as Risk Factor

Concerns regarding the effects of bisphosphonates on fracture
healing have been raised because of their long half-life in bone
and their incorporation into the matrix itself, but there have
been few clinical studies. Preclinical data from animal models
have not shown significantly delayed healing [58, 59]. One
study showed that there was a delay in remodeling of woven
to lamellar bone leading to larger but mechanically intact cal-
luses [60]. A meta-analysis of 16 clinical studies addressed
bisphosphonate use in fracture healing and included three ran-
domized trials as well as seven retrospective cohorts [61]. The
study evaluated differences in healing time and non-union
rates in the context of chronic use before the occurrence of
fracture as well as the initiation following fracture [61]. This
analysis largely corroborated findings from preclinical studies
that there was no significant correlation between the duration
of bisphosphonate use or its introduction with healing times or
non-union rates [61]. One conclusion from the meta-analysis
was, however, that there were significantly longer healing
times in patients already on bisphosphonate before sustaining
distal radius fractures [61]. Additional studies on the healing
of upper extremity fractures have produced conflicting results
[62—64]. Some have reported an increase in non-union rates
but no difference in healing time [62], while the opposite was
described by the others [63, 64].Taken altogether, there is
insufficient evidence to support or refute the notion that
bisphosphonates inhibit fracture healing.

Like bisphosphonate, denosumab yielded larger, mechani-
cally robust calluses accompanied by delay in callus remod-
eling but exhibited greater gain in bone volume and BMD by
micro-computed tomography analysis in a comparison animal
fracture model with alendronate. Neither drug was found to
impact healing negatively [65].

Several classes of medications that conventionally affect
fracture healing including corticosteroids and non-steroidal
anti-inflammatory drugs (NSAIDs) [66]. Some [67, 68] but
not all studies [69—71] in animal models have shown that
glucocorticoids can decrease callus formation [67], retard
healing [68], and alter callus mineralization. Studies with
NSAIDs in animal models have shown variable effects on
fracture healing [72—74]. Data on fracture healing in patients
taking glucocorticoids or NSAIDs are sparse [66]. In general,
there are higher rates of non-union with higher doses and with
prolonged post-operative use of NSAIDs [75-77]. NSAIDs,
however, have also been linked to reduced heterotopic bone
formation after hip surgery [78]. Other pharmacologic agents
with evidence for detrimental effects on fracture healing in-
clude certain chemotherapeutic agents, anticoagulants, and
antibiotics [66].

Malnutrition as a Risk Factor

Calcium and vitamin D deficiencies as risk factors for altered
fracture healing stem from animal models and epidemiologic
studies. Results from animal studies are conflicting [79-82].
Only one study, which compared several types of diet includ-
ing one deficient in calcium, phosphorus, and vitamin D and
another supplemented with these minerals, marginally sup-
ported impaired fracture healing [79], while others that exam-
ined calcium- and phosphorus-deficient, vitamin D-deficient,
or calcium- and vitamin D-deficient diets failed to show any
effects [80—82]. Clinical studies, which are mostly observa-
tional in nature, have been inconclusive. One case series re-
ported that >80% of 37 patients with non-unions were vita-
min D-deficient. Another study that compared patients with
non-unions to those with normal healing failed to detect a
significant difference with respect to vitamin D deficiency
[83, 84]. Other nutritional derangements that have been linked
to impaired fracture healing include vitamin C and B6 defi-
ciencies, as well as hypoalbuminemia from low dietary pro-
tein intake, even though the levels of evidence for all of them
are weak [85-87].

Medications and Strategies to Accelerate Fracture
Healing (See Table 1)

Most research into pharmacologic therapies for fracture
healing have focused on optimizing the local fracture micro-
environment, either to promote bone regeneration through di-
rect implantation of biomaterials (e.g., bone stem cell graft), to
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stimulate the fracture scaffold with a biomechanical device

Table 1 Effects of osteoporosis medications on fracture healing

peritrochanteric osteoporotic fractures and prosthetic knee re-

Agent

Evidence

Mechanism of action

Bisphosphonates [60—66, 78—83]
(anti-resorptive)

Denosumab [85-88]
(anti-resorptive)

Estrogen/raloxifene [89-92]
(anti-resorptive)

PTH 1-34, PTH 1-84 [93-108]
(anabolic)

Preclinical [60—-62]
Clinical (weak) [63—66, 78-83]

Preclinical [85, 86]
Clinical (weak) [87]

Preclinical [30, 91, 92]

Preclinical [94-96, 97+, 98-102]
Clinical (moderate) [103—112]

» Animal studies show larger callus, delayed callus
remodeling but stronger mechanical strength

* No definitive evidence to suggest inhibition of healing,
but delayed healing has been rarely reported with
prolonged use and unclear if there are benefits
in augmenting healing

 Animal studies show larger callus and delayed
callus remodeling but with stronger mechanical strength

* Unclear if benefits in enhancing healing

* Limited animal studies show improved callus strength

» Animal models, especially post-ovariectomy fracture
models, show increased callus size and with

PTHrP [113-118]
(anabolic)

Preclinical [113-117]

Sclerostin inhibitor [119-133],
DKKI1 inhibitor [134-137]
(Wnt/3 catenin activators)

Preclinical [123-137]

mineralized content, better mechanical strength

* Accelerated healing of long bone and spine fractures
and re-enforce implant stabilization

» Some evidence for improved healing of delayed
unions, non-unions and atypical femoral fractures

* Various animal models including post-ovariectomy,
glucocorticoid-induced, and diabetic fracture models
show better callus formation and enhanced union

» Animal studies show shorter healing time, increase in
bone mass at fracture site, and better mechanical strength
* Co-inhibition of DKK1 and sclerostin
(vs inhibition of one molecule) demonstrated superiority
in enhancing healing in recent animal model

(e.g., low-intensity pulsed ultrasound), or to enhance osteo-
genesis indirectly via the local supplementation of biological
factors, such as BMPs that are involved in the molecular
healing cascade [16]. And often, modification of surgical fix-
ation methods, such as preferential selection of locked plates
or locked intramedullary nailing in osteoporotic fractures, is
needed to reduce rates of complications.

Systemic agents, currently in use for treatment of osteopo-
rosis that mechanistically target steps in the molecular path-
way of fracture healing, have garnered strong interest and are
under ongoing investigation in fracture repair studies. Despite
the lack of approved drugs for fracture healing, some of these
pharmacologic agents have been shown to have potential ben-
efits in the healing process in both preclinical and clinical
studies (summarized in Table 1). Furthermore, the putative
effects on healing in patients taking them are significant clin-
ical issues.

Bisphosphonates

There is a paucity of evidence on the effects of
bisphosphonates either to accelerate fracture healing or rescue
impaired healing [58]. Clinical studies examining the out-
comes of bisphosphonate use in internal fixation of
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placements showed improved fixation stability, although it is
unclear if this occurred in association with faster healing
[88—90]. Timing of bisphosphonate administration in the
post-fracture period may be key. The highest grade clinical
evidence is illustrated by the HORIZON RFT (Health
Outcomes and Reduced Incidence with Zoledronic Acid
Once Yearly Recurrent Fracture Trial) that demonstrated re-
duced fracture risk and improved mortality, despite a lack of
significant difference in time to heal or evidence of delayed
healing based on serial clinical and radiographic assessment
[91], in the cohort that received zoledronic acid from beyond 2
to up to 12 weeks after hip fracture [92, 93]. There is no
consensus on the role of bisphosphonates in fracture healing,
and stronger clinical data are needed to clarify this important
clinical issue.

Denosumab

As described earlier, rare lab-based studies have been per-
formed with denosumab, an anti-resorptive agent and mono-
clonal antibody directed against the receptor for nuclear
factor-kappaB ligand (RANKL) [94], to evaluate its effect
on fracture healing and have produced neutral findings [65,
95]. The only clinical evidence regarding denosumab in
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fracture healing was generated from a subgroup analysis of the
FREEDOM (Fracture Reduction Evaluation of Denosumab in
Osteoporosis Every 6 Months), a double-blind, placebo-
controlled trial in post-menopausal women investigating frac-
ture risk reduction by denosumabvsplacebo [96]. In the 199
women who sustained non-vertebral fractures, there was no
evidence of impaired or delayed healing observed in those
who had been treated with denosumab [96, 97e¢].

Estrogen and Selective Estrogen Receptor Modulators

Estrogen and the selective estrogen receptor modulator
(SERM) raloxifene are both approved agents for the treatment
of osteoporosis in post-menopausal women [94, 98].
Regarding fracture healing, a study compared both agents to
alendronate in rats post-ovariectomy that underwent femoral
osteotomy. Healing in both the estrogen- and raloxifene-
treated groups was similar to controls [99]. In contrast, in
diaphyseal and metaphyseal fracture models, there was im-
proved fracture healing (due to raloxifene or estrogen) in ei-
ther the early or all phases of the biological healing sequence,
with the callus formed possessing increased resistance and
elasticity [34, 100, 101]. Estrogen specifically was shown to
enhance endosteal bone formation, whereas raloxifene in-
duced callus formation that yielded increased mineralization
and trabecular thickness in one study [100, 101]. Clinical trials
have not tested either estrogen or raloxifene as agents to pro-
mote fracture healing, perhaps due to the pro-coagulant effects
that both have, likely to be exacerbated in the post-fracture
setting.

Teriparatide

Studies in a number of animal models have shown that
teriparatide or recombinant human parathyroid hormone
[PTH 1-34] enhances early endochondral responses in the
healing cascade likely by stimulating Wnt signaling leading
to recruitment followed by proliferation and differentiation of
chondrogenic and osteogenic precursors [102]. Findings of
increased callus volume, mineralization, and mechanical
strength were uniformly observedin both osteotomy and
closed fracture models across species ranging from rats
[103—105] and rabbits [106] to monkeys [107], with wide
variances in dosing of PTH (1-34) (0.75-200 pg/kg)and in
duration of treatment of mostly 21-28 days [108]. In the larg-
est study of rats with induced closed femoral fractures, groups
receiving intermittent treatment with PTH (1-34) (5 or
30 png/kg/day) compared to vehicle alone for 5 weeks experi-
enced substantial gains gain in callus morphometric and me-
chanical parameters, while earlier improvement at 3 weeks
was seen with the higher dose [138]. There was no impact
on osteoclastic activity, in contrast to the pro-

osteoclastogenic activity described in an earlier fracture study
with PTH (1-34) (at a dose of 10 pg/kg/day) [103].

In animal models of osteoporotic fracture (post-ovariecto-
my), intermittent administration of PTH (1-34) produced pos-
itive results supportive of improved repair [108]. One study
that investigated healing of metaphyseal defects in ovariecto-
mized rats by micro-computed tomography suggested an
overall anabolic effect of PTH (1-34) that was reflected in
increased bone formation over the area of the defect accom-
panied by gain in total bone volume, and trabecular thickness
and number [139]. A different study tested full-length recom-
binant human PTH (1-84), intermittently administered over
30 days, compared to 17-beta estradiol and vehicle, in the
healing of bilateral tibial fractures in ovariectomized rats sta-
bilized via intramedullary nailing. There was both enhanced
callus formation and strength in animals treated with PTH (1—
84) compared to vehicle or 17-beta estradiol, similar to the
findings with PTH (1-34) [140].

A meta-analysis identified five clinical studies of either
upper or lower extremity fractures examining the effect of
synthetic PTH peptides on healing. This meta-analysis corrob-
orated the animal data in support of the ability of PTH ana-
logues to shorten healing time [109]. The two randomized
clinical trials included in the meta-analysis were conducted
in post-menopausal women who suffered acute distal radius
or pelvic fractures. Subjects in these trials received PTH (1—
34) (20 or 40 pg/kg/day) or PTH (1-84) (100 ug/kg/day) to
assist with fracture healing, which was monitored by serial
imaging [110, 111]. In these trials, PTH (1-34) was adminis-
tered to patients with radius fractures, and PTH (1-84) was
given to patients with pelvic fractures. These treatments re-
sulted in significantly shorter healing times compared to con-
trols, 7.4 vs 9.1 weeks with PTH (1-34) or 7.8 vs 12.6 weeks
with PTH (1-84), but there was a lack of statistical signifi-
cance in the PTH (1-34) dose of 40 pg/kg/day (8.8 vs
9.1 weeks) [110, 111], which remains unexplained. Evidence
that PTH analogues improve clinically documented impaired
fracture healing, on the other hand, is limited to case reports.
The application of PTH [1-34] in a variety of reported delayed
or non-union fractures ranging from fractures in the upper to
lower extremities mostly stated favorable outcomes, although
rigorous placebo controls were lacking [112, 113, 141].

Atypical Femoral Fractures: Use of PTH Peptides

In consideration of the positive preclinical data on fracture
healing with recombinant PTH in animal models summarized
above, interest has recently focused on the use of teriparatide
for the treatment of atypical femoral fractures (AFFs). AFFs
are defined by their specific location between the distal lesser
trochanter and proximal to the supracondylar flare in the fe-
mur, their typically non-comminuted appearance, and their
occurrence in the setting of minimal to no prior trauma [114,
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115]. They are exceedingly low in incidence (0.35% of all
femoral fractures) and are associated with long-term bisphos-
phonate or denosumab use [116]. According to the American
Society of Bone and Mineral Research (ASBMR) Task Force
Report on AFFs, PTH (1-34) therapy can be considered for
AFFs that fail to heal with conventional therapy [114, 115].
Improved union was reported in two retrospective studies.
One assessed the introduction of PTH (1-34) after surgical
repair in patients with AFFs and found higher rates of union
in the treated group compared to the non-treated group [117].
The other was a retrospective cohort study that included com-
plete and incomplete AFFs, either surgically or conservatively
managed, and compared those that received daily PTH (1-34)
injection vs alfacalcidol or menatetrenone [118]. A caveat
about the findings of the retrospective cohort study was the
lack of a significant difference in the conservatively managed,
incomplete AFFs upon subgroup analysis [118]. Two prospec-
tive non-randomized trials that examined bone turnover, in
addition to fracture healing in AFFs, both observed increased
remodeling, evidenced by changes in bone turnover markers
[119, 120]. This was hypothesized as PTH (1-34) promoting
turnover of the bisphosphonate residing in bone, but still in
these cases there were inconsistent rates of union [119, 120].

PTH-Related Peptide and Analogues

PTH-related peptide (PTHrP) acts through the same receptor
as PTH (the PTH/PTHrP receptor 1 or PTH/PTHrP-R1) and
plays an important role in endochondral ossification, via its
interaction with Indian hedgehog and other signaling mole-
cules [121]. PTHrP enhances chondrocyte proliferation, while
inhibiting differentiation, to ensure progression toward callus
development [121]. In several animal models including
PTHrP haploinsufficient rats, studies have shown that
targeting the PTH/PTHrP-R1 with PTHrP enhances fracture
healing [122—124]. These findings were also from studies in
glucocorticoid-treated and diabetic animal models [125, 126].
Abaloparatide, the recently FDA-approved PTHrP analog, has
gathered much attention for its greater gains in BMD com-
pared to PTH (1-34) as demonstrated in the ACTIVE
(Abaloparatide Comparator Trial In Vertebral Endpoints) trial
[127]. The testing of this medication to promote healing of
fractures and delayed unions remains unexplored at this time.

Investigational Therapies (See Table 1)
Targeting Sclerostin

Inhibition of endogenous antagonists of the Wnt/3 ca-
tenin signaling pathway, sclerostin, and Dickkopf-1

(DKK1) has emerged as a possible approach to achieve
bone anabolism for osteoporosis treatment and for bone
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repair and regeneration [15]. Functioning as an endoge-
nous antagonist, sclerostin exerts its inhibitory actions
on the binding of the Wnt ligand to LRP5/6, the low-
density lipoprotein receptor-related protein, which serves
as a co-receptor for Wnt ligands, along with the frizzled
protein. Interference with Wnt signaling blocks the abil-
ity of (-catenin, a molecule downstream in the Wnt
pathway, to activate osteoblastic gene transcription
[128]. Activation of Wnt signaling (or relief of Wnt
antagonism) furthermore diverts the differentiation of
pluripotent mesenchymal stem cells toward the osteo-
blastic lineage and suppresses chondrogenesis [15].
Treatment with a neutralizing antibody to sclerostin
upregulates Wnt signaling leading to enhanced osteo-
blastogenesis and bone formation. Several preclinical
studies and clinical trials have validated this approach
to raise BMD and reduce fractures using antibodies that
inhibit sclerostin or models of sclerostin gene knockout
[129-131].

From a fracture healing perspective, studies in animal frac-
ture models using sclerostin neutralizing antibodies have
largely shown improved parameters of bone mass, especially
in the diabetic and osteoporotic models [132, 133, 142].
Studies in which rats with femoral defects were treated with
the anti-sclerostin antibody at both early and late time points
post-fracture [134, 135] have uniformly demonstrated faster
healing time and increased BMD at fractured sites, relative to
control sites, although complete union rates were unimpres-
sive, even in the anti-sclerostin antibody groups [136, 137,
143]. In two open osteotomy rat models [137, 143], animals
given sclerostin antibody at 3 and 6 weeks or 3, 6, and 9 weeks
demonstrated more highly mineralized calluses and greater
BMD at the fractured sites. These findings replicated those
from the earlier rat and monkey closed fracture models [137,
143]. These studies, in addition, revealed increased callus an-
giogenesis. Application of sclerostin antibody, given twice
weekly for either 3 or 8 weeks, in two recent models of ovari-
ectomized rats with fractures showed healing of the fractures
in these osteoporotic rodents. These studies further and impor-
tantly showed near restoration of bone mass in the ovariecto-
mized osteoporotic rats, similar to the levels of sham-operated
saline control rats [135, 136]. Notably, while there are some
data from sclerostin gene knockout models that suggested
earlier fibrocartilage callus removal during fracture healing,
an increase in callus bone volume accompanied by enhanced
strength was reported by moststudies [144, 145]. Regarding
the clinical evidence for targeting sclerostin to promote frac-
ture healing in humans, two multicenter trials investigating the
use of the sclerostin antibody romosozumab in the healing of
acute tibial shaft fractures following intramedullary nailing
and of acute unilateral hip fracture post-surgical fixation have
recently been completed, but the data are not yet published
[15].
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DKK1

Like sclerostin, DKK 1 exerts its inhibitory effect on the Wnt/
{3 catenin pathway through interaction with LRP5/6 [146].
Antagonizing actions of DKKI in fracture healing was
achieved in early animal experiments through over-
expression of DKKI1 via delivery of adenovirus containing
DNA encoding DKK1 to both young and adult rats [147,
148]. A tibial fracture rat model demonstrated down-
regulation of 3 catenin protein expression in the formed cal-
luses and subsequent failure to heal with substantial reduction
in bone and cartilage volume by 3 weeks post-fracture [147].
While these findings were corroborated in another study that
deployed adenovirus-mediated over-expression of DKK1 in
7-month-old adult non-fractured rats and showed significant
decreases in lumbar and whole leg BMD, 4-week treatment
with anti-DKK1 antibody in a femoral fracture model showed
significant gains in bone mass in the wild-type, gonad-intact,
young, and adult rats, but not in the wild-type, ovariectomized
adult rats [148]. Reversal of blockage of the Wnt/3 catenin
pathway via antibody-mediated inhibition of DKK1in tibial
and femoral fracture models in mice, likewise, showed re-
pressed healing in the 3 catenin null allele/conditional knock-
out or LRPS knockout mice [147, 149]. In these studies, great-
er BMD and enhanced mechanical strength of the healing
calluses were observed in the wild-typemice [147, 149].

A recent animal study suggested that there is a negative
feedback relationship between sclerostin and DKK1in bone
healing. Florio et al. used a bispecific antibody to mediate dual
inhibition of both sclerostin and DKK1 in a fracture healing
model [150]. The investigators first illustrated, in sclerostin
knockout rats and in sclerostin antibody-treated ovariecto-
mized mice, that sclerostin inhibition is accompanied by a
compensatory increase in DKK1 expression, indicative of
the inhibitory redundancy of DKK1 in the negative regulation
of sclerostin. These investigators confirmed in subsequent ex-
periments, comparing treatment with sclerostin antibody,
DDKI1 antibody, or the bispecific antibody for 7 weeks in a
closed femoral fracture rat model, that the bispecific antibody
was superior in inducing bridging and produced the largest
callus mass compared to either monotherapy [150]. Data dem-
onstrating DKK1 inhibition as a viable means to enhance
fracture healing in humans are lacking at present, but positive
results from preclinical studies hold great promise for future
testing in clinical trials.

Conclusion

The process of fracture healing is highly orchestrated and
subject to influence by multiple intrinsic as well as extrinsic
factors. While distinctive properties of osteoporotic fractures
in the repair process have been suggested by some of the

experimental studies, further exploration is needed to better
understand if and exactly how osteoporosis retards healing.
Since osteoporotic fractures account for a large proportion of
all fractures, anabolic treatments for osteoporosis specifically
have sparked great interest for their prospects in fracture re-
pair. High quality clinical data on the long-term use of osteo-
porosis treatments for the indication of augmentation of frac-
ture repair remain limited, although several anabolic agents
have yielded positive results in ovariectomized osteoporotic
animal fracture models. Intensive investigations are ongoing
in an effort not only to address the current gaps in clinical
evidence but also to look into the application of new systemic
agents.
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