
tory conditions. Small molecules have been developed
that inhibit both isoforms of cyclooxygenase, COX-1 and
COX-2. Two classes of COX inhibitors are currently used
in practice: those that inhibit the COXs nonselectively,
termed nonsteroidal antiinflammatory drugs (NSAIDs),
and those that are selective for COX-2, termed COXBs
(2). However, more recently, results from genetically
manipulated mouse models that lack EP2 and EP4 recep-
tors have shed new light on the function of prostaglandins
in bone formation and bone resorption, paving the way for
the future development of novel agonists for human use.  

The function of prostaglandins in skeletal biology, par-
ticularly as it relates to bone repair, is well documented,
and thus beyond the scope of this short review. Here we
will focus on recent genetic and pharmacological studies
that have clarified the osteogenic functions of the
prostaglandin EP2 and EP4 receptors. We will examine
the effects of synthetic small-molecule EP receptor ago-
nists, such as CP-533536, in fracture healing and bone
mass regulation. Finally, we will very briefly discuss other
pharmacological and nonpharmacological interventions
for fracture healing.

Genetic evidence for the role of EP receptors in
bone remodeling

The EP4-null mouse has been most well studied in
terms of its skeletal phenotype. The mouse has evidence
of reduced osteoblast differentiation and mineralization,
and by 12 months of age develops significant osteopenia
(3). The anabolic response to PGE2 is substantially
reduced both in vivo and in ex vivo cultures (4). In addi-
tion, there is a defect in osteoclast formation in response
to PGE2, likely due to an osteoblastic defect and a
reduced production of receptor activator for NF-κB ligand
(RANKL) (5). This defect is recapitulated in the EP2-null
mouse, suggesting that both EP2 and EP4 receptors mod-
ulate bone formation and resorption (6).

Further studies with EP2- and EP4-null mice demon-
strate a defect in fracture healing. In the EP4-null mouse
in particular, there was evidence not only for an early
slowing of fracture callus formation both in endochondral
and membranous bone, but also for delayed cartilaginous
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Introduction

Prostaglandins, particularly prostaglandin E2 (PGE2),
are ubiquitously produced and have established functions
in inflammation, embryo implantation, the induction of
labor, vasodilatation and skeletal remodeling. These
activities are mediated through the action of PGE2 on one
of four G-protein-coupled receptors: EP1 through EP4.
EP2 and EP4 are coupled to Gsα and stimulate the pro-
duction of cyclic AMP (cAMP) (1).

Clinically, the prostaglandin pathway has been the
subject of drug discovery for arthritis and other inflamma-
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Abstract

There is growing evidence that new molecules tar-
geting either EP2 or EP4 receptors can enhance osteo-
genesis when injected locally, and hence may have
potential application in bone repair. This could be of
particular value in enhancing the healing of fractures
and the bridging of surgical osteotomy gaps in children
with growth defects. In addition, EP4 agonists show
promise in the prevention and restoration of ovariecto-
my-induced bone loss. Phase II and III trials with these
compounds should allow their evaluation for use in
humans, with the understanding that side effects due
to the ubiquitous and overlapping distribution of EP
receptors may pose a therapeutic challenge.



evident radiographically was coupled with histological evi-
dence of trabecular bone without callus. The latter exper-
iment suggested that new bone formation induced by CP-
533536 in the uninjured periosteum involved the
membranous rather than the endochondral bone forma-
tion pathway.

Having established the ability of CP-533536 to form
new bone when injected either into bone marrow or sub-
periosteally, a standard fracture model was used to inves-
tigate its effect on bone repair. A single injection of CP-
533536 into the matrix stimulated callus formation,
followed by both intramembranous and endochondral
ossification, and a fracture gap that was small (10).
Biochemical testing revealed the restoration of bone
strength. Likewise, when tested in the osteotomy model,
a single dose of CP-533536 applied to the site of defect
caused bone growth from both ends, resulting in the
rebridging of the defect within 24 weeks (11).  

AE-1-329 and ONO-4819

The EP4 agonist AE-1-329 (2) was modified to create
a long-lasting analogue ONO-4819 (rivenprost) (3). While
the former was osteogenic when infused continuously,
the latter compound only required thrice-daily injections.
Systemic administration of ONO-4819 prevented bone
loss and restored bone mass and strength in ovariec-
tomized mice and attenuated bone loss following disuse.
Higher doses of ONO-4819, however, caused hypoten-
sion and diarrhea, highlighting the inherent difficulty with
such ubiquitously expressed targets in producing skeletal
effects without undesirable side effects (5).  

Two studies further examined the effect of ONO-4819
in bone repair. Twice-daily injection of ONO-4819 in a rat
model of femoral diaphyseal drill-hole injury restored
bone volume. However, RANKL and BMP-2 (bone mor-
phogenetic protein-2) expression were also increased,
suggesting that ONO-4819 accelerated both components
of bone remodeling, formation and resorption (12). In a
separate study, ONO-4819 contained within fibrin glue
microspheres and implanted substernally corrected the

calcification in the more advanced stages (3). Together,
loss-of-function studies support the premise that both EP2
and EP4 receptors are osteogenic, and therefore could
serve as potential targets for a small-molecule agonist.

In contrast to the EP2 and EP4 receptors, the EP3
receptor is thought to play a critical role in angiogenesis
during wound healing. Thus, mice that lack the EP3
receptor display impaired accumulation of CD31+ and
VEGF+ (vascular endothlelial growth factor-positive) vas-
cular endothelial cells (7). The effect was found to be
transplantable: bone marrow cells from EP3

-/- mice
induced a wound-healing defect in normal mice, indicat-
ing that vascular endothelial precursors were being mobi-
lized from the bone marrow. This mouse has not been
studied vis-à-vis a fracture healing phenotype, but it is
likely that even in the absence of systemic osteoporosis,
fracture healing may be inhibited due to reduced angio-
genesis.

Pharmacological evidence for osteogenesis with EP2
and EP4 agonists

The first lines of evidence that PGE2 is osteogenic in
vivo came from several early studies. For example, PGE2
was infused locally for 6 weeks on a plated osteotomy (8)
and there was a dose-dependent stimulation of callus for-
mation, which occurred mainly in the latter half of the 
6-week infusion period. Because of the now-established
role for both EP2 and EP4 receptors in osteogenesis, sev-
eral receptor agonists have been developed for systemic
and local use. These include the EP2 agonist CP-533536
and the EP4 agonists AE-1-329, ONO-4819 (rivenprost)
and CP-734432. Here, we will discuss preclinical data
that have demonstrated profound effects of these com-
pounds in initiating new bone formation in a variety of
experimental models.

CP-533536

CP-533536 (1) is a highly selective nonprostanoid
EP2 agonist (9). Initial studies examined its osteogenic
potential in male rats following its administration by intra-
tibial injection. Profound new osteogenesis was evident
locally as assessed by pQCT (peripheral quantitative
computed tomography), bone histomorphometry and bio-
mechanical testing. Subsequently, a single dose of 0.3
mg CP-533536 incorporated in a biodegradable polymer
was implanted subperiosteally (10). New bone formation
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commonly used being BMP-2 and -7, particularly BMP-7
(or osteogenic protein 1) (19). BMP-2 has been most
stringently validated in humans in the BESST study (20).
Such stimulants may be administered in a variety of vehi-
cles, including collagen sponges, matrigels and micro-
capsules, or introduced using both viral and nonviral vec-
tors (21).  

Other peptides currently being tested include growth
and differentiation factor-5 (GDF-5), transforming growth
factor-β (TGF-β), platelet-derived growth factor (PDGF)
and VEGF (21). While a major concern with the use of
BMPs is their propensity to cause ectopic calcification
(22), results with TGF-β in animal models have been
inconsistent (21). Results with VEGF, which enhances
osteogenesis through accelerated angiogenesis, have
been encouraging, particularly when administered using
bacterial or viral vectors (23). In contrast, the effects of
PDGF are of slow onset, and it has been difficult to main-
tain effective concentrations in the fracture microenviron-
ment (24). Early clinical trials in patients with osseus
defects in the periodontal space have nonetheless been
encouraging (25).

In parallel, there is accumulating evidence that ana-
bolic therapies, such as intermittently administered
recombinant human parathyroid hormone (PTH), growth
hormone (GH) and HMG-CoA reductase inhibitors
(statins), can improve fracture healing by enhancing bone
formation rates at the fracture site (21). Recombinant
human PTH has shown promise in preclinical testing, and
there is evidence for a sustained effect in promoting new
bone formation (26). Clinical trials are under way to test
the efficacy of PTH in humans. The role of statins in the
treatment of osteoporosis remains debatable, although
preliminary data on their effects in fracture models is
compelling (27, 28).

The use of nonprostanoid EP2 and EP4 receptor ago-
nists falls within the general category of small-molecule
receptor mimics, which includes other molecules such as
the thrombin-related peptide TP-508 (rusalatide acetate,
Chrysalin®). TP-508 activates local platelets to release a
number of cytokines, such as IL-12, IL-18, interferon
gamma and bFGF. Despite a robust response in experi-
mental models (29), clinical trials using TP-508 have
been disappointing in their inability to demonstrate con-
sistent differences in fracture healing between placebo
and treated groups (21).

As discussed above, EP receptor agonists show enor-
mous promise as they have direct effects in enhancing
osteoblastic bone formation, but also induce angiogene-
sis and resorption (5, 12 13). Cardiovascular and gas-
trointestinal side effects are likely to limit their use at high
doses, however. Local tendon degeneration has also
been documented when PGE2 was injected near the joint
(30).  

Various vectors and techniques for introducing drugs
to the site of injury have been identified and are being
tested. Of these, mesenchymal cells and muscle-derived
stem cells have been extensively tested for their ability to
carry genes of interest to the fracture site (31, 32). More

median sternotomy defect created in streptozotocin-treat-
ed diabetic rats (13). This model is relevant to sternotomy
wound healing when diabetics undergo cardiac bypass
surgery. It is possible that the incidence of sternal dehis-
cence could be attenuated by such implantations; howev-
er, the risk of systemic hypotension remains, even with
small doses of locally released ONO-4819.

CP-734432

CP-734432 (structure not available) is yet another
nonprostanoid EP4 receptor agonist that triggered miner-
alized nodule formation in vitro in bone marrow cell cul-
tures (14). When injected in vivo, the compound stimulat-
ed bone formation, and by doing so prevented and
restored ovariectomy-induced bone loss at all sites –tra-
becular, periosteal and endocortical sites–, somewhat
unique for a traditional anabolic agent. 

Pharmacokinetcs and metabolism of CP-533536

The metabolism, excretion and pharmacokinetics of
CP-533536 have been extensively studied (9). A summa-
ry of clinically relevant data obtained following i.v. injec-
tion of [14C]-CP-533536 labeled at the benzylic carbon
atom of the tert-butylphenyl ring is provided.  

Radioactively labeled CP-533536 administered to rats
was rapidly excreted, with > 90% recovery in a gender-
independent manner within 24 h. Over 87% of the
radioactivity appeared in feces, indicating that biliary
excretion was the main route of elimination (9).

The pharmacokinetics of CP-533536 were different in
male and female mice. While the elimination half-lives
were similar in both sexes, the plasma clearance of total
radioactivity and unchanged drug was 2-fold higher in
male rats. In contrast, the steady-state volume of distrib-
ution was 2.6-fold higher in female rats (9).  

Of note is that only 26% of the drug appears
unchanged, with the remainder of the dose comprising
phase I and II metabolites. These metabolites, character-
ized by LC/MS/MS (liquid chromatography/mass spec-
trometry/mass spectrometry), in combination with CID
(collision-induced dissociation) mass spectrometry and a
TiCl3 reduction technique, are discussed in the original
article by Johnson and Prakash (15). Of note also is that
sex differences were observed in the nature of excreted
metabolites, which was not unexpected, as such differ-
ences have been observed with other drugs (16). There
is evidence that CP-533536 is metabolized by the CYP3A
liver enzyme, which is expressed preferentially in the
male liver (17).

Future of osteogenic therapies

Of the approximately 8 million fractures occurring in
the U.S. every year, 10-20% display impaired or delayed
healing (18). There are several new ways to promote the
healing of such fractures. Most of these methods rely on
the local application of bone-healing stimulants, the most
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13. Marui, A., Hirose, K., Maruyama, T. et al. Prostaglandin E2
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14. Ke, H.Z., Crawford, D.T., Qi, H. et al. A nonprostanoid EP4
receptor-selective prostaglandin E2 agonist restores bone mass
and strength in aged, ovariectomized rats. J Bone Miner Res
2006, 21(4): 565-75.

15. Johnson, K., Prakash, C., Shah, A., Jaw, J., Baxter, J.
Metabolism, pharmacokinetics and excretion of a highly selective
NMDA receptor antagonist, traxprodil, in human cytochrome
P450 2D6 extensive and poor metabolizers. Drug Metab Dispos
2003, 31(1): 76-87.
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1997, 25(1): 33-39.

17. Kobliakov, V., Popova, N., Rossi, L. Regulation of the
expression of the sex-specific isoforms of cytochrome P450 in
rat liver.  Eur J Biochem 1991, 195(3): 585-91.

18. Praemer, A., Furner, S., Rice, D.P. (Eds.). Musculoskeletal
Conditions in the United States. Am Acad Orth Surgeons: Park
Ridge 1999, 185-224.

19. Den Boer F.C., Bramer, J.A., Blokhuis, T.J. et al. Effect of
recombinant human osteogenic protein-1 on the healing of fresh-
ly closed disphyseal fractures.  Bone 2002, 31(1): 158-64.

20. Govender, S., Csimma, C., Genant, H.K. et al. Recombinant
human bone morphogenetic protein-2 for treatment of open tib-
ial fracture: A prospective, controlled, randomized study of four
hundred and fifty patients. J Bone Joint Surg Am 2002, 84-A(12):
2123-34.

21. Axelrad, T.W., Kakar, S., Einhorn, T.A. New technologies for
the enhancement of skeletal repair. Injury 2007, 38(Suppl. 1):
S49-62.

22. Kim, C.S., Kim, J.I., Kim, J. et al. Ectopic bone formation
associated with recombinant human bone morphogenetic pro-
tein-2 using absorbable collagen sponge and beta tricalcium
phosphate as carriers. Biomaterials 2005, 26(15): 2501-7.

23. Tarkka, T., Sipola, A., Jamsa, T. et al. Adenoviral VEGF-A
gene transfer induces angiogenesis and promotes bone forma-
tion in healing osseous tissues.  J Gene Med 2003, 5(7): 560-6.

24. Lee, Y.M., Park, Y.J., Lee, S.J. et al. The bone regenerative
effect of platelet-derived growth factor-BB delivered with a chi-
tosan/tricalcium phosphate sponge carrier.  J Periodontol 2000,
71(3): 418-24.

25. Nevins, M., Gionnobile, W.V., McGuire, M.K. et al. Platelet-
derived growth factor stimulates bone fill and rate of attachment
level gain: Results of a large multicenter randomized controlled
trial. J Periodontol 2005, 76(12): 2205-15.

26. Nakajima, A., Shimoji, N., Shiomi, K. et al. Mechanisms for
the enhancement of fracture healing in rats treated with intermit-

recently, vascular endothelial cells (33) and osteoblast
precursors (34) have been isolated from the peripheral
circulation with the ultimate purpose of redirecting genet-
ically engineered cells to the site of injury. Drugs used to
mobilize these precursors from their remote niches are
also being considered (35).  

The future thus holds significant promise for the 
utilization of new osteogenic molecules, including EP
receptor agonists, and a myriad of vectors and new tech-
nologies that should allow the targeting of therapies to
sites of bone injury, with minimal systemic side effects. 
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