
J Tissue Sci Eng  Bone Tissue Engineering		         ISSN: 2157-7552 JTSE an open access journal 

Research Article Open Access

Carr et al., J Tissue Sci Eng 2012, S:1 
DOI: 10.4172/2157-7552.S1-003

Keywords: PS1145; IKK inhibitor; rhBMP-2; Bone morphogenetic
protein; Bone tissue engineering; Biodegradable polymer scaffold; 
Thermally induced phase separation

Introduction
Treatment of critical-sized bone defects remains a challenge for 

orthopaedic medicine. Such defects require exogenous osteogenic 
stimulation in order for them to heal [1], autograft being the current 
gold standard. Autograft is not without its limitations, including its 
availability and complications associated with donor site morbidity 
[2-8]. Other alternatives, such as allograft or bone transport using 
the Ilizarov technique, have utility but key limitations. Allograft has 
a reduced osteoinductive capacity and has an intrinsic disease and 
rejection risk [4,6,8], while bone transport can be prolonged and 
uncomfortable [9-11]. 

Bone tissue engineering is a developing field of research that 
shows many promising possibilities for the treatment of critical size 
bone defects [6]. Giannoudis et al.[12] have described four essential 
components required to facilitate engineered bone as being (1) an 
osteoconductive matrix scaffold; (2) osteoinductive growth factors; 
(3) a cell population with osteogenic capacity; and (4) a mechanically
stable environment. In this study, we aimed to create a biocompatible
porous scaffold for the delivery of osteoinductive growth factors. In
mice, new bone was induced within the muscle compartment; this
tissue contains cells with osteogenic potential [13], but represents
a mechanically unloaded environment. To compensate for the
biomechanical insufficiency, we have trialed local delivery of an IKK
inhibitor to prevent osteoclast-mediated bone loss.

A range of materials have been proposed for scaffolds including 
metals, ceramics and polymers, both natural and synthetic. Synthetic 
polymers have become the most commonly used material for bone 

tissue engineering, particularly the poly(α-hydroxyacids),which have 
great chemical versatility [8,14-16]. Numerous methods have been 
used to fabricate poly(α-hydroxyacids) scaffolds to optimize the 
essential properties of a scaffold (porosity, pore size, surface properties, 
osteoinductivity, mechanical properties, and biodegradability). 
Solvent-casting and particulate leaching [17], emulsion freeze-drying 
[18], electrospinning [19], gas foaming [20], the various types of 
rapid prototyping [21] and most recently thermally induced phase 
separation (TIPS) [22] have all been described. We have utilized a 
TIPS-based method that allows for rapid fabrication of high porosity 
scaffolds with defined pore sizes. Poly(lactide-co-glycolide) (PLGA) 
was used as a copolymer of poly(lactic acid) (PLA) and poly(glycolic 
acid) (PGA) to generate a material capable of degrading into non-toxic, 
natural metabolites [14].

Osteoinductive growth factors are an integral component of bone 
tissue engineering. Recombinant human BMP-2 and BMP-7 are 
potent anabolic agents that are reported to have an efficacy comparable 
to autograft and act to potently stimulate the differentiation of 
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Abstract
Critical-sized bone defects, whether caused by congenital malformation, tumor resection, trauma, or implant 

loosening, remain a major challenge for orthopaedic management. In this study we describe a bone tissue 
engineering approach in mice for the co-delivery of recombinant human Bone Morphogenetic Protein-2 (rhBMP-2) 
and the IKK inhibitor PS-1145. 

Scaffold implants were manufactured from poly(lactide-co-glycolide)(PLGA) by Thermally-Induced Phase 
Separation (TIPS), with rhBMP-2 (10 µg) and the IKK inhibitor PS-1145 (0 µg, 40 µg or 80 µg) incorporated into the 
polymer. These scaffolds were then surgically implanted into the hind limb muscle of C57BL6/J mice. One group of 
mice also received systemic 50 mg/kg PS-1145 (days 11-20). Specimens were harvested at week 3 for X-ray and 
microCT analyses and descriptive histology.

Local and systemic delivery PS-1145 both significantly increased the net rhBMP-2 induced bone at 3 weeks. A 
maximal response was seen with the 40 µg PS-1145 group, although there was no significant difference between the 
40 µg and 80 µg PS-1145 regimens. No local cytotoxicity was seen with either dose of PS-1145. In summary, local 
co-delivery of rhBMP-2 and PS-1145 via a porous PLGA scaffold represents a new tissue engineering approach for 
maintaining new bone in an unloaded environment.
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osteoprogenitors [23]. Recombinant BMPs are reported to lessen 
times to union in fractures [24-26], and can facilitate complete healing 
in non-union fracture defects otherwise unable to heal without 
intervention [27]. However, BMPs have shown potential to promote 
osteoclast formation [28] and excessive bone resorption [29].

Unloaded bone is progressively resorbed, as per Wolff’s law [30], 
both in skeletal remodeling and bone callus remodeling. In the context 
of critical-sized defects, premature bone catabolism can diminish the 
rate at which strength can be restored, thus delaying the time to union 
[31]. Similarly, for tissue engineering implants, the site of regeneration 
is often poorly loaded. To overcome this intrinsic deficiency, anti-
catabolic drugs such as bisphosphonates have been proposed as 
adjunctive agents [32]. Local bisphosphonate dosing in a solvent-cast 
PDLLA implant was found to augment the net bone remaining at the 
implant site at 3 weeks in a mouse [33] but only within a narrow dose 
window. At high local doses it was found to produce toxic effects that 
decreased bone formation, and this was comparable to a prior bone 
defect study [34]. It was thus hypothesized that alternative anti-catabolic 
agents may have a broader effective dose range than bisphosphonates 
when delivered locally. 

IKK-inhibitors are emerging as potent anti-resorptives, but they 
have not been explored in the context of bone tissue engineering. IKK-
inhibitors target the nuclear factor-ĸB (NF-ĸB) signaling pathway, 
which has a pivotal role in the regulation osteoclastogenesis, as well as 
the general inflammatory response [35]. IKK consists of two catalytic 
subunits, IKKα and IKKβ, and a regulatory subunit IKKγ or NEMO. 
IKK phosphorylates inhibitor of NF-ĸB (IĸB) leading to its degradation 
and allowing the translocation of NF-ĸB from cytoplasm to nucleus 
where it can induce expression of target genes, which regulate the 
differentiation of osteoclast precursors into mature multinucleated 
active osteoclasts [35-37]. IKK-inhibitors can induce apoptosis in 
osteoclast precursors and inhibit osteoclastogenesis and bone erosion 
[38-40], which make them potential therapeutics for osteoporosis 
and rheumatoid arthritis. Dai et al.[41] developed a NEMO-Binding 
Domain peptide (NBD) that in vitro inhibited the differentiation 
of osteoclasts whilst also inducing apoptosis and in vivo attenuated 
osteoclastogenesis and inflammation-induced bone loss. IKK 
inhibition increased trabecular bone mass and Bone Mineral Density 
(BMD) while preventing osteoporotic bone loss in ovariectomized 
mice [36]. PS-1145 is an IKK-inhibitor that has shown promise for 
the treatment of cancer-induced lytic bone disease through blocking 
osteoclast maturation [42]. Pharmacological inhibitors of IKK, such as 
PS-1145, offer a novel approach to the suppression of early catabolism 
in the healing of large bony defects through inhibition of pathways 
necessary for osteoclast survival, differentiation and function. 

In this study, we aimed to investigate the potential of the IKK 
inhibitor PS-1145 as an anti-catabolic drug to be co-delivered with 
rhBMP-2 in a bone tissue engineering system. We also wanted to 
determine the relative effectiveness of local versus systemic dosing 
of PS-1145. Using a TIPS-produced porous PLGA scaffold, we 
hypothesized that the PS-1145 would show synergy with rhBMP-2 
and result in greater volumes of unresorbed bone, as a result of its 
inhibitory action on osteoclasts.

Materials and Methodology
Pharmaceuticals

INFUSETM rhBMP-2 was purchased from Medtronic Australasia 
and supplied as a lyophilized protein. PS-1145 (>98% HPLC) was 

purchased from Sigma Aldrich Australia. Systemically-delivered 
dosages of PS-1145 were mixed in 10% dimethylsulfoxide (DMSO, 
Sigma Aldrich) and 90% sterile water.

Polymer carrier materials and manufacturing

The thermally induced phase separation (TIPS) technique was 
utilized to fabricate 40 PLGA scaffolds of 90% porosity. The methods 
used were based on those of Cao et al. [43]and Jack et al. [44]. The co-
polymer PLGA (LactelDurect. 50:50 Poly(D,L)-lactide-co-glycolide) 
was added to 1,4-dioxane solvent (LABSCAN) at a concentration of 
125 mg/ml. INFUSETM rhBMP-2 (Medtronic) and PS-1145 powder 
were added to 1,4-dioxane and mixed to the PLGA/dioxane solution 
as required to incorporate 10 µg rhBMP-2 and 40 μg or 80 μg PS-1145 
per 1 mm disc. 

Drug/PLGA/dioxane solutions were vortexed and pipetted 
into 3mm long glass tubes that were sealed and slow-quenched in a 
temperature controlled water bath (Polyscience Model 9112)(T=25°C 
cooled at a rate of -0.5°C/min to -10°C). This induced porosity via a 
solid-liquid phase separation. Glass tubes were then submerged in 
liquid nitrogen (-80°C) and carefully removed from the polymer with 
use of a hammer. The solidified PLGA scaffold was vacuum-dried at 
<1 × 10-3 mbar to remove residual dioxane for 4 hours. The cylindrical 
scaffolds were cut into 1mm thick pellets for implantation and stored 
at room temperature under vacuum.

Animal care and surgery

Female C57BL6/J wild type mice (8-10 week, average weight 18 
g) were purchased from the Animal Resources Centre and allowed 
to acclimatize for 7 days prior to surgery. Mice were housed in 
autoclavable polypropylene solid boxes with stainless steel lids and 
polycarbonate water bottles with food and mouse chow supplied ad 
libitum. Ethics approval was obtained for all procedures from the local 
Animal Ethics Committee (Approval K294).

Ectopic bone formation was induced in a quadriceps muscle pouch 
following surgical implantation of rhBMP-2-loaded PLGA carrier. 
The surgical model was based on previously published methods where 
rhBMP-2 was delivered in a carboxy-methylcellulose carrier [45]. In 
brief, anesthesia was induced and maintained using inhaled isofluorane 
and an intraperitoneal (i.p.) injection of 35 mg/kg ketamine and 4.5 
mg/kg xylazine. The operative site was trimmed and prepared with 
povidone-iodine. A muscle pouch was created using a scalpel in the 
right hind limb, in line with the femur. The polymer pellet was inserted 
and the muscle and skin closed using a 5-0 Vicryl suture (Ethicon 
Inc). Following surgery, animals were recovered on a heated pad 
and placed in recovery cages. Post-operative pain was managed with 
subcutaneously injected buprenorphine (0.05 mg/kg) and dehydration 
was managed by saline injection, as required. Animals were monitored 
by weekly weighing.

Experimental design

The effects of 2 different local dosages and 1 systemic dosage of 
PS-1145 on rhBMP-2 induced bone formation were compared. Mice 
were assigned to each group: rhBMP-2 only controls (n=8); and 
rhBMP-2 with 40 µg (n=8) or 80 µg (n=8) local PS-1145; and rhBMP-2 
with 50 mg/kg systemic PS-1145 (n=8) as summarized in (Table 1). 
Mice receiving systemic PS-1145 were dosed i.p. from day 11 to day 
20. Animals were euthanized at 3 weeks post-operatively. Whole hind 
limbs were harvested post-mortem, fixed in 4% paraformaldehyde, and 
stored in 70% alcohol for radiographic and histological analysis. 
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Radiographic analysis

The placement of the ectopic bone nodules relative to the femur was 
determined by radiography using a digital X-ray machine (Faxitron 
X-ray Corp). Samples where ectopic bone had fused with the femur or 
had migrated post-operatively out of the muscle pouch were excluded 
as per (Table 1).

Specimens were examined by micro-computed tomography 
(microCT) scanning using a SkyScan 1174 compact microCT 
scanner (SkyScan). The primary outcome measure for the study was 
total bone volume of the entire ectopic bone nodule. Samples were 
scanned in 70% ethanol at 8.7 µm pixel resolution; 0.5mm aluminium 
filter, 50kV X-ray tube voltage and 800 µA tube electric current. The 
images were reconstructed using NRecon, version 1.5.1.5 (SkyScan). 
Bone volume (BV, mm3) of the entire ectopic bone nodule was 
analyzed with CTAnalyser software, version 1.10.1.0 (SkyScan). A 
global threshold representing bone (60-255) was defined following 
analysis of consecutive two-dimensional slices of bone samples on CT 
Analyser software. Representative three-dimensional bone pellets were 
reconstructed with transaxial slices (100 slices) from the pellet’s mid-
section, using CTVol Realistic Visualization software version 2.1.0.0 
(SkyScan). Representative ectopic bone samples from each group 
were selected as having a BV closest to the group’s mean. Defining the 
Region of Interest (ROI) for analysis allowed the comparison of internal 
trabecular bone with the cortical bone forming a sheath around the 
exterior of the nodule. Phantom materials of known mineral density 
were microCT scanned under the same conditions as samples and used 
to calibrate CT Analyser to calculate average bone mineral density for 
each sample.

Histological analysis

For paraffin histology, representative ectopic bone nodule samples 
were decalcified and embedded in paraffin blocks. 5 µm-thick sections 
were cut using a Leica RM 2155 Microtome (Leica Microsystems). 
Sections were stained with Hematoxylin & Eosin (H & E), Alcian blue 
& Picrosirius red for bone and cartilage, and Tartrate Resistant Acid 
Phosphatase (TRAP) for osteoclasts. Stained sections were scanned 
with ScanScope digital slide scanner (Aperio Technologies), and images 
were captured with ImageScope software (Aperio Technologies).

Statistical analysis

For data analysis, group sizes <10 prohibited tests of normality, 
necessitating non-parametric statistical tests for significance. Kruskal 
Wallis and Mann Whitney U tests were performed using SPSS Statistics 
version 17 (SPSS Inc). Statistical significance was set at α < 0.05.

Results
Pellets containing rhBMP-2 only (Groups 1 and 4) or rhBMP-2 

and PS-1145 (Groups 2 and 3) were surgically implanted into C57B6/J 
mice. One mouse died during recovery and six mice were excluded due 
to pellet misplacement (operatively) or migration (post-operatively). 
Specimens were harvested after 3 weeks and all samples underwent 
X-ray and microCT scanning followed by histological processing. The 

primary outcome measure for the study was total bone volume (BV, 
mm3) of the entire ectopic bone nodule, as quantified by microCT. 
Descriptive histology of the effects of PS-1145 on bone was a secondary 
outcome.

Bone nodule X-ray and MicroCT analyses

X-rays indicated that both systemic and local PS-1145 treatment 
led to larger, more radiopaque bone nodules after 2 and 3 weeks. 
MicroCT scans of each ectopic bone nodule were performed, and 
the bone volume (mm3) in each sample was quantified (Figure 1). All 
PS-1145 treatment groups showed significant increases in net bone 
formation relative to the rhBMP-2 alone control. The 40 µg local PS-
1145 dose showed the most prominent increase in bone volume from 
control (111% increase, p<0.02). Both the 80 µg local PS-1145 dose and 
50 mg/kg daily PS-1145 were associated with increases in bone volume 
(87% increase, p<0.03 for local and 55% increase, p<0.05 for systemic). 
Intra-group comparison of the different PS-1145 amounts and dosing 
regimens indicated none were significantly different from each other 
(p>0.1).

Qualitatively, it was seen that bone nodule samples showed 
the formation of a pseudo-cortex around a trabecular interior. The 
PS-1145 local delivery groups (2 and 3) showed greater trabecular 
retention by X-ray (Figure 1B) and more clearly by microCT transaxial 
cross-section reconstructions (Figure 1C). The interior bone was 
quantified using CTAn software and found to be significantly greater 
in all PS-1145-treated groups with 202%, 213%, and 201% increases 
in internal trabecular-like bone formation relative to control in the 40 
μg local, 80 μg local, and 50 mg/kg systemic dose groups, respectively 
(all p<0.05) (Figure 2A). Trabecular BV/TV was calculated by dividing 
the trabecular bone volume by the total internal volume of the nodule, 
and increases of 99%, 93%, and 115% were recorded in the 40 μg local, 
80 μg local and 50 mg/kg systemic dose groups respectively, compared 
to control (p<0.05) (Figure 2B). The low trabecular BV/TV found in 
the study was attributed to the ectopic bone nodule being mechanically 
unloaded with resorptive pseudo-marrow space. The quantity of bone 
in the pseudo-cortex growth showed significant increases in the 40 μg 
and 80 μg local PS-1145 groups (93% and 63%, respectively, p<0.05). 
The systemic PS-1145 group had 26% increase cortical volume that was 
not significant (p=0.2) (Figure 2C). Bone mineral density (BMD) was 
calculated using CTAn software and as expected the PS-1145 treated 
samples showed significant increases. The 40 μg local, 80 μg local and 
systemic PS-1145 groups had increases of 64% (p=0.046), 39% (p=0.1) 
and 68% (p=0.03) respectively, relative to controls (Figure 2D).

Bone nodule histology

Prior staining of histological sections of solvent cast PDLLA 
containing rhBMP-2 showed poor biodegradation of the scaffold, even 
after 8 weeks [33]. In contrast, staining with Alcian Blue/Picrosirius Red 
(AB/PR) for cartilage and mineralized tissues showed comparatively 
greater degradation of the porous PGLA scaffold by 3 weeks (Figure 
3A-D). 

Each sample consisted of a bone sheath around an interior 

Group Scaffold Osteoinductive agent Anti-resorptive agent Mice Exclusions
1 Porous PLGA rhBMP-2 (10µg) None N=8 2
2 Porous PLGA rhBMP-2 (10µg) PS-1145 (low 40µg) N=8 1
3 Porous PLGA rhBMP-2 (10µg) PS-1145 (high 80µg) N=8 3
4 Porous PLGA rhBMP-2 (10µg) PS-1145 (systemic 50mg/kg) N=8 1

Table 1: Study Details.
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containing islands of bone as well as a pseudo-marrow space containing 
adipocytes, white blood cells and red blood cells. Adipocytes were 
readily identifiable by cell morphology and were most abundant 
towards the interior of the nodule in all sample groups. 

AB/PR staining showed that the control group had very little 
trabecular bone islands present within the nodule at the 3 week time 
point (Figure3A). There was a relatively thin cortical-like bony sheath 
surrounding the nodule (Co), with some trabecular structures formed 
nearby the sheath (T). In contrast, the local 40 μg and 80 μg PS-1145 
local dose groups showed large volumes of retained bone formation 
(Figure 3B and 3C), the sheath was thicker and discontinuous in 
appearance compared to the control group and had attached trabeculae 
that protruded into the bone marrow. A number of bony islands formed 
throughout the nodule (B), which were smoothly contoured trabecular 
bone structures of multiple osteocytes resting within their lacunae 
and surrounded by mineralized tissue. A third unusual structure of 
mineralized bone tissue was also witnessed – clusters of disorganized 
presumably woven bone that stained a dark red on the AB/PR stain. 
The 50 mg/kg PS-1145 systemic dose group had similar features to the 
local dose groups, but had a much smaller volume of retained bone 
structures within the nodule and little if any woven bone. 

TRAP staining was performed to detect pre-osteoclasts and 
osteoclasts (Figure 3F-I) and TRAP+ cells were abundant in the control 
group (Figure 3F), even in central regions with no bone formation. 
Both the 40 μg and 80 μg PS-1145 local dose groups displayed similar 
amounts of TRAP staining around the cortical sheath, but relatively 
low numbers of TRAP+ cells were seen in the interior trabecular bone 
(Figure3G). Curiously, staining was particularly intense in discrete 
regions (Figure 3G and 3H). In the systemically dosed group, a similar 
phenomenon was observed. TRAP+ staining in pellets was found to be 
highly heterogeneous within each sample.

Discussion
In this study, we used a TIPS-produced porous PLGA scaffold to 

generate new bone in a mouse model. Bone was induced with rhBMP-2 

and we trialed the effects of suppressing bone resorption using an IKK 
inhibitor. Two local doses of PS-1145 (40 μg and 80 μg) and 50 mg/kg 
systemic PS-1145 was compared. The 40 μg locally dosed group had the 
greatest positive influence on net bone formation producing a 111% 
increase in total bone volume, followed by increases of 87% in the 80 μg 
locally dosed group and 55% in the 50 mg/kg systemically dosed group.

We have previously investigated the use of local bisphosphonates 
in augmenting rhBMP-2 induced bone. These experiments showed 
that local Pamidronate could be as effective as systemic Pamidronate 
in preventing implant resorption, however the results also indicated 
a limited dosing window for affectivity [33]. The effectiveness of anti-
resorptives in maximizing bone in this model is consistent with high 
resorptive pressures on unloaded bone, consistent with Wolff’s law 
[30]. However, the negative effects associated with high bisphosphonate 
doses [34] have the potential to be problematic in terms of clinical 
translation. Consequently, this study focused on the IKK inhibitor PS-
1145 as an alternative anti-catabolic. 

The recruitment and differentiation of osteoclast precursors 
has been reported to be increased by mechanical unloading [30], 
as well as directly and indirectly augmented by rhBMP-2 [46,47]. 
Indirect methods of osteoclast stimulation are likely to be important, 
as rhBMP-2 induced osteoblastogenesis can result in increased 
osteoblast-osteoclast signaling via RANKL. By preventing the binding 
of the IKK subunits, PS-1145 is able to block the RANKL pathway and 
thus inhibit the complete differentiation of osteoclasts into mature 
multinucleated bone-resorbing cells. This has been demonstrated using 
IKK inhibitors in vitro [42] and in a mouse ovariectomy model in vivo 
[38]. IKK inhibition by sequestration of NEMO has been used to arrest 
osteoclastogenesis induced by polymethyl methacrylate wear particles 
[48], and the IKK inhibitor Parthenolide can inhibit osteoclastogenesis, 
as well as trigger apoptosis of osteoclasts at higher doses [49]. Moreover, 
transgenic mice with bone-specific expression of a dominant negative 
IKK mutant protein showed enhanced trabecular bone formation [36].

Tartrate Resistant Acid Phosphatase (TRAP) is a marker of 
active mature multinucleated osteoclasts [50], however it can also be 

Figure 1: (A) Average total bone volume in each group, quantified by microCT. (B) X-rays of representative bone nodules. (C) microCT reconstruction of 100 
transaxial sections of representative samples.
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expressed by inactive multinucleated or immature mononuclear pre-
osteoclasts. Local treatment with PS-1145 was descriptively observed 
to decrease TRAP staining in the interior trabecular bone but not to 
significantly influence staining in the cortical sheath. Local PS-1145 
pellets showed increased bone volume by microCT, consistent with 
decreased overall resorption. Despite the observable effect of local PS-
1145 on interior, but not peripheral TRAP + cell numbers, both cortical 
bone volume and trabecular BV/TV were approximately 2-fold greater 
in 40 μg PS-1145 samples. 

The production of a porous PLGA scaffold by TIPS showed superior 
biodegradation compared to the previously used solid solvent-cast 
PDLLA. By 3 weeks the interior space contained trabecular bone and 
a pseudo-marrow cavity filled with cellular material with little residual 
polymer; previous work with solvent-cast PDLLA showed abundant 
residual polymer present at both the 3 week and 8 week time points[33]. 
This improved degradation was present in the rhBMP-2 alone group 
indicating this was due to the porous scaffold rather than the presence 
of PS-1145. The presence of woven bone with a high osteoclast number 
was not previously seen in the PDLLA solvent cast scaffolds and was 

most commonly observed in the local PS-1145 treated group. It is not 
clear why the osteoclast number in these regions was so high (versus 
being reduced in the rest of the interior) or whether an analogous 
region was present at other time points in the rhBMP-2 alone group. 
It was surmised that the woven bone morphology observed at the 
experimental endpoint may be influenced by the presence of residual 
polymer scaffold.

This study is the first to examine synergy between rhBMP-2 and 
PS-1145 for bone tissue engineering. However, there are several reports 
of combining rhBMPs and bisphosphonates to coordinately modulate 
the anabolic and catabolic bone. In a rat critical defect model, treatment 
with Zoledronic Acid and rhBMP-7 (OP-1) was found to be superior 
to rhBMP-7 alone [32]. In a rat ectopic bone model, minodronate and 
rhBMP-2 delivered via a β-tricalcium phosphate scaffold resulted in 
increased net bone formation and mechanical strength compared to 
the delivery of a lone anabolic rhBMP-2 [51]. However, there remain 
concerns with bisphosphonate use in orthopedics in general [52], but 
also specifically due to their potential anti-angiogenic effects [53] and 
potential to delay hard callus remodeling [54]. 

Figure 2: Values obtained from MicroCT analysis. (A) Trabecular Bone Volume, (B) Trabecular BV/TV, (C) Volume of the pseudo-cortex, and (D) Bone Mineral 
Density. Significance is calculated relative to the rhBMP-2 only control group (* p<0.05, **p<0.01).
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While the anti-resorptive effects on callus remodeling may be 
advantageous to prevent refracture or loss of fixation in the short 
term, prolonged ZA exposure may prevent the conversion of woven to 
lamellar bone even in appropriate loading conditions. In contrast, IKK 
inhibitors are not expected to be retained at bone surfaces. Transient 
exposure could delay bone remodeling to maximize bone in an 
unloaded environment, but allow for timely remodeling. In conclusion, 
IKK-inhibitors represent a new and exciting class of anti-catabolic 
agents for orthopaedic and bone tissue engineering applications.
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