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Fracture repair is a complex process 
involving many stages of cellular 
recruitment, differentiation and proliferation, 
followed by extensive matrix production and 
remodeling. The mechanisms underlying 
situations of impaired bone healing are often 
complex and can affect many of these 
stages. As pre-clinical models of the many 
different healing situations emerge, our 
understanding of how and when this 
complex process can be manipulated has 
improved, leading to advances in options for 
therapeutic intervention, particularly in cases 
of poor repair.  
 
At the recent ASBMR Annual Meeting, a 
number of pre-clinical investigations 
expanded our knowledge of the mechanism 
behind the effects seen when currently used 
clinical agents are administered during 
periods of bone healing. Moreover, new 
agents aimed at promoting cellular 
recruitment, proliferation and matrix 
production during bone repair were unveiled, 
while new techniques were employed to 
examine cellular contributions to this 
complex process.  
 
Parathyroid hormone (PTH), currently one of 
the most commonly used clinical anabolic 
agents, has been thoroughly examined in 
numerous animal models of bone healing. 
Its application enhances greatly callus size 
and strength, through stimulation of new 
bone formation (1). New developments in 
the use of PTH to enhance bone repair and 
the mechanisms behind its anabolic 
potential were presented at the meeting. In 
healthy rats, a new PTH analogue (cPTH 1-

31) was compared to PTH 1-34 in a closed 
fracture model (2). Equivalent increases in 
bone volume, content and strength of the 
early healing callus were documented with 
both these analogues. However, during the 
later remodeling phase, cPTH 1-31 showed 
a tendency towards enhancements in these 
parameters compared to PTH 1-34, 
although this was not significant. In addition, 
in a cortical bone defect model in 
ovariectomized rats, PTH 1-38 enhanced 
new woven bone formation both within 
intramedullary spaces and on endocortical 
surfaces, translating to enhanced 
mechanical strength of the limb (3).  
 
While PTH treatment clearly enhances a 
robust repair response in normal situations, 
its effects may be somewhat attenuated in a 
more challenged environment. In closed 
fractures performed in ovariectomized rats, 
both strontium ranelate and PTH 1-34 
increased callus bone volume at 28 days 
post fracture compared to vehicle-treated 
controls (4). Whereas strontium increased 
the torsional strength of the callus, PTH 1-34 
failed to do so in this model. This difference 
was attributed by the authors to the slightly 
larger calluses formed in the strontium-
treated group. 
 
Glucocorticoid (GC) treatment has been 
associated with impaired bone healing, with 
delayed union and reduced callus size and 
strength (5). In GC-treated mice, daily PTH 
1-34 preserved bone mass and mechanical 
integrity in intact limbs compared to vehicle- 
treated GC-dosed mice (6). In the fracture 
callus however, in contrast to the 80% 
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increase in callus force with PTH treatment 
in non-GC-treated mice, although slight 
increases in callus size were documented 
with PTH treatment in GC-treated mice, 
these did not translate to increased 
mechanical strength of the callus. 
Interestingly the increased bone formation 
noted with PTH treatment in calluses in non-
GC-treated mice was not noted in GC-
treated mice. Moreover, the delay in 
endochondral repair noted with GC 
treatment was not improved with PTH 
therapy. The authors concluded that 
previous GC treatment may attenuate the 
anabolic effect of PTH during bone healing. 
 
Taken together, these new results confirm 
those that previously demonstrated a strong 
anabolic potential for PTH in situations of 
normal bone healing in healthy rats or small 
bony defects with robust repair. However 
when an additional systemic challenge such 
as estrogen deficiency or glucocorticoid 
treatment leads to impaired healing, the 
effects of PTH may be somewhat 
attenuated. This presents a challenge for 
research into PTH effects in clinical trials of 
impaired bone healing. 
 
New developments in the mechanisms 
underlying the anabolic potential of PTH 
were also presented at the meeting, 
supporting previous suggestions that PTH 
attenuates fracture repair by activating Wnt 
signaling pathways (7). Both canonical and 
non-canonical Wnt pathways have been 
directly associated with PTH administration, 
with a large number of studies presented at 
the meeting exploring this mechanism (8-
12). As the role of Wnt signaling during bone 
repair is becoming more apparent (13), 
emerging new agents that manipulate the 
Wnt pathway, such as inhibitors of sclerostin 
or Dickkopf-1, which were presented in 
detail ((14;15) and 13th Annual Meeting of 
the In Vivo Working Group), may offer new 
avenues to explore the pharmaceutical 
enhancement of bone repair.  
 
New alternatives to promote bone repair are 
under development and have been 
examined in pre-clinical models. Both 
transdermal application (16) and local 
delivery using nano-particles (17) of 

lovastatin have been shown recently to 
enhance fracture repair. In a follow-up 
investigation, administration of lovastatin 
locally using micro-particles was delayed 
until 1 week after closed fracture in mice and 
compared to dosing 2 hours post fracture 
(18). Delayed dosing produced further 
increases in callus mechanical strength and 
improved bridging of the fracture gap. 
Lovastatin delivery 1 week post fracture led 
to an extension of the period of peak BMP-2 
expression usually observed post fracture. 
The authors suggested this may be the 
mechanism behind the enhanced response. 
Supporting this theory was an in vitro study 
showing that lovastatin applied to pre-
osteoblast cell cultures produced a more 
rapid increase in BMP-2 mRNA expression 
compared to controls (19). Therefore, in 
contrast to PTH stimulation of the ubiquitous 
Wnt signaling pathway, statins may enhance 
anabolism through BMP signaling, a more 
robust specific osteogenic pathway with 
documented success in promoting healing in 
non-union situations through stimulating 
specific anabolic responses (20;21).  
 
Bone repair with reduced stability is 
commonly achieved through the 
replacement of an initial soft cartilaginous 
callus with woven bone through 
endochondral ossification. It would be 
advantageous to advance this process and 
thus hasten the rate of union. Inhibition of 
the enzyme activity of 5-lipoxygenase (5-
LO), a regulator of inflammation, was shown 
to accelerate endochondral ossification in a 
rat fracture model (22). Compared to 
treatment with a COX-2 inhibitor (celecoxib), 
5-LO inhibition with AA-861 led to an earlier 
peak in cell proliferation, with celecoxib 
delaying this peak. AA-861 also produced 
increased collagen X expression in the early 
callus, suggesting increased levels of 
hypertrophic chondrocytes. On the other 
hand, celecoxib treatment enhanced 
collagen II expression, hence delaying 
differentiation of chondrocytes towards the 
hypertrophic stage and delaying 
endochondral repair. 5-LO inhibition 
therefore enhanced differentiation of the 
cartilaginous callus, advancing 
endochondral repair in this rat fracture 
model and offering a new agent for potential 
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applications in orthopedics. Limitations to 
the application of this agent may exist when 
one considers its lack of specificity to sites 
of bone healing and deficient anabolic 
response in situations where endochondral 
bone healing is impaired or absent. 
 
Addressing a situation commonly associated 
with impaired bone healing, diabetes, locally 
delivered recombinant human platelet 
derived growth factor (rhPDGF) was 
explored in a diabetic closed femoral rat 
fracture model (23). The diabetic rats 
demonstrated reduced early cellular 
proliferation and decreased biomechanical 
properties of the callus compared to normal 
rats. rhPDGF treatment enhanced early cell 
proliferation, and led to a significant increase 
in callus load in torsion at 8 weeks post 
fracture. By 12 weeks, mineralized callus 
area was increased along with histological 
union rates in rhPDGF groups. rhPDGF 
enhanced cellular proliferation in the initial 
phase of the healing response, manifesting 
to slight improvements in union rates and 
mechanical strength at later stages. The 
lack of a specific osteogenic stimulus from 
PDGF however may limit the application of 
this agent to situations where an 
endogenous bone-specific anabolic 
response is active. 
 
The contribution of specific cells to bone 
repair from both the local environment but 
also the surrounding tissue has become an 
area of important investigation. A pool of 
mesenchymal stem cells (MSCs) is localized 
to the fracture site in the early stages of the 
repair process. These cells differentiate into 
either chondrocytes or fibroblasts in 
response to the local signals, eventually 
taking part in the cascade of events leading 
to bone union (24). Transplantation of MSCs 
into mice after production of fractures led to 
enhanced callus tissue volume, and when 
cells were selected based on their 
expression of surface receptor CRX4 this 
was further enhanced, producing a stronger 
callus (25). A specific osteogenic stimulus, 
however, is deficient using this method, 
hence in challenged healing environments, 
application of MSCs may require an 
exogenous anabolic stimulus, such as 
addition of a  BMP, to promote repair.  

The source of multi-potential mesenchymal 
cell populations requires further exploration. 
Although the bone marrow and periosteum 
are proven contributors to this cell 
population, other sources are being 
considered. A study utilizing GFP reporters 
to assess cell lineages demonstrated the 
relative contributions of different cell types to 
bone healing (26). Using a Col3.6 GFP 
reporter for pre-osteoblasts-early 
osteoblasts, these cells were shown to 
contribute mainly to the periosteal-driven 
bone formation forming the woven bone 
callus from the external edges towards the 
center. By combining this with the smooth 
muscle actin GFP reporter (SMMA), early 
progenitor cells with multi-lineage potential 
towards bone and fat were identified. These 
cells appeared at the leading front of the 
cellular invasion into the fracture site and 
were associated with blood vessels. They 
were then followed by cells positive for both 
SMMA and Col3.6 and then cells only 
positive for Col3.6, suggesting the SMMA 
positive cells differentiated into an 
osteogenic lineage. In addition, this 
technique was used to examine the 
progression of cells from a chondrocyte 
(Col2A1 promoter) to osteogenic (Col3.6) 
lineage. As demonstrated by this study, this 
novel technique of tracking cell lineages 
may not only provide new insights into the 
cell contribution and biology of bone repair, 
but also provide mechanisms for impaired 
healing in certain situations.  
 
Finally, utilizing available therapeutic agents, 
an examination of the role that osteoclasts 
and matrix metalloproteinases (MMPs) play 
during endochondral bone repair was 
performed (27). In the absence of osteoclast 
function, using bisphosphonates, and with 
complete deficiency of osteoclast 
differentiation, using osteoprotegerin (OPG), 
the progression of endochondral bone union 
proceeded normally, with all calluses 
achieving bony union and removal of soft 
callus at the same rate in rat closed 
fractures. However, when an inhibitor of 
MMPs was administered, fracture union and 
removal of soft callus was greatly impeded. 
This study demonstrated for the first time 
that MMP function is in fact more vital to the 
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achievement of fracture union than 
osteoclast function.  
 
The topics raised by pre-clinical 
investigations into fracture repair at the 
meeting covered a broad range of issues 
and interventions highly applicable to the 
clinical setting. While those agents currently 
used clinically have been thoroughly 
explored in bone repair, their applications 
appear limited, calling for novel 
interventions. Statins, rhPDGF and 5-LO 
inhibitors appear to be options with potential 
for this indication, along with a number of 
cell-based therapies. New agents at the 
forefront of osteoporosis treatment, such as 
denosumab and sclerostin inhibitors, offer 
new directions for enhancing fracture repair, 
studies of which have not yet been 
presented. However, the development of 
alternatives such as inhibitors of Wnt 
pathway antagonists may direct the future of 
pre-clinical and eventually clinical studies 
examining options to enhance bone repair.  
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