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Abstract

Background—Distraction osteogenesis (DO) is a powerful reconstructive technique for bone
growth and repair. An angiogenic means to enhance the efficacy of this metabolically demanding
procedure would be beneficial in expanding its therapeutic potential. We posit that the angiogenic
effect of Deferoxamine (DFO), an iron chelator that has been shown to increase angiogenesis, will
improve bone regeneration via augmentations in quality and quantity of bone and bone producing
cells.

Methods—Two groups of rats (n=12) underwent surgical external fixation and subsequent
distraction. During the distraction stage, the experimental DFO group (n=5) was treated with
injections into the distraction gap. After 28 days of consolidation, mandibles were harvested and
prepared for histological analysis.

Results—We found a proliferation of osteocytes in the DFO treated group when compared to the
regenerate (RG) of the control group. DFO effected a significant increase in osteocytes, as well as
increase in bone volume fraction with subsequent decreased osteoid volume fraction. The data
also demonstrated no significant difference in empty lacunae.

Conclusions—Our study demonstrates the effectiveness of DFO treatment to enhance the
number of osteocytes within the RG in a murine mandibular DO model. Maintenance of full
lacunae supports our findings of a robust cellular response to DFO therapy. These results suggest
that the angiogenic capabilities of DFO translate into an increase in number of bone forming cells
in the RG. DFO may have utility in optimizing bone formation in DO and lead to superior
reconstructive capabilities for craniofacial surgeons in the future.

Introduction

Distraction osteogenesis is a powerful reconstructive technique that promotes bone

induction by applying controlled gradual separation between two osteogenic fronts. Initially

developed for long bone lengthening in orthopedic surgery, it has evolved into a
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conventional reconstructive treatment with a variety of applications including severe
craniofacial deformities.1~* This valuable technique provides advantages over alternative
reconstructive methods including avoidance of local, regional or distant donor site
morbidity, and concurrent generation of both bone and soft tissue using local endogenous
substrate.>® Its success has begged the question of how far its inherent regenerative capacity
can be stretched and applied in various complex clinical scenarios.

The limitations of DO remain largely unknown and the technique and overall protocols
remain the same as when llizarov had invented the procedure over 50 years ago.”~® There is
much to gain in optimizing DO beyond its current boundaries allowing for a decreased
consolidation time, shorter distraction period, or an expanded distraction gap. Efforts to
enhance bone regeneration have largely focused on optimizing the duration of latency and
consolidation periods, or altering the rate and rhythm of distraction.1011 |nnovative
approaches, including the use of hyperbaric oxygen therapy, cyclic mechanical lengthening
and compression, and the addition of several osteogenic factors, have been investigated with
varying degrees of success.12-16

Another way to improve upon the DO procedure would be to augment the blood supply to
the regenerate (RG) in order to expand and optimize the applications of the technique. DO
induces a biological response of skeletal regeneration in a cascade of bone induction and
formation processes.® Angiogenesis plays a significant role during bone regeneration as
numerous studies have demonstrated an increase in blood flow in association with increased
angiogenesis during DO and bone repair.17-20 In recognition of the importance of vascular
supply to skeletal repair, recent studies have focused on pharmacologic interventions to
improve blood supply during healing.2!

Deferoxamine (DFO) is an FDA approved medication and iron-chelator that has been shown
to increase angiogenesis via the hypoxia inducible factor (HIF) pathway. The HIF pathway
activates angiogenesis as a regulator of response to hypoxia whose activation is also seen in
skeletal repair. HIF-1a is constitutively expressed and rapidly degraded under normoxic
conditions. DFO interferes with HIF-1a degradation by its chelation of iron, a necessary
cofactor. This allows for accumulations of HIF-1a and activation of responsive genes for
angiogenesis.22:23

We have previously shown DFO's ability to increase angiogenesis in a murine model of
mandibular DO.24 Despite these findings, the exact mechanisms by which angiogenesis
improves bone regeneration in DO have yet to be well defined. We posit that the angiogenic
effect of DFO will function to improve bone regeneration in the mandible by augmenting
the quality and quantity of bone as well as the number of bone producing cells. Our specific
aim is to use quantitative histomorphometry (QHM) to objectively measure the effectiveness
of DFO to increase the osteocyte count and bone healing metrics of the RG in DO of the
murine mandible.
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Materials & Methods

Adult male Sprague-Dawley rats (n=12) weighing approximately 400g were paired in cages
and maintained in a pathogen-free environment on a 12-hour light/dark schedule. Rats were
fed standard hard chow and water ad libitum during a seven-day acclimation period prior to
surgery. All animal procedures were performed in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and approved by the University
of Michigan Animal Care and Use Committee.

Surgical Procedure and Device Placement

Preoperative subcutaneous injections of Gentamycin (5 mg/kg), Buprenorphine (0.03
mg/kg) and Lactated Ringer's solution (25cc/kg) were administered prior to surgery.
Anesthesia was achieved with the inhalation of an oxygen/isoflurane mixture. The animals
were prepared for surgery, and underwent placement of custom titanium external

mandibular fixator devices followed by surgical osteotomy as previously described (Figure
1)_25,26

The critical size defect utilized in our DO model is predicated on our previous experimental
experience demonstrating that gradual distraction to 5.1 mm with a 28 day consolidation
period consistently resulted in bony healing across the entire regenerate.2> Comparatively,
defects created using acute separation to 5.1 mm or greater consistently formed fibrous
union.

Postoperative Procedures

Both groups underwent distraction after 4 days of latency. One 180-degree clockwise turn of
the distraction screw corresponded to a 0.3-mm separation of the osteotomy fronts. Active
distraction began on the evening of post-operative day 4 and went through the evening of
postoperative day 12. A total of 17 half-turns were performed on a 12-hour interval,
resulting in a 5.1 mm distraction gap. The experimental DFO group (n=5) was treated with a
200 uM DFO injection into the distraction gap every other day during the active distraction
period. No analgesic or sedation was required during the distraction.

Postoperative Animal Care

Animals were housed one per cage and fed moist chow with Hill's high-calorie diet
(Columbus Serum, Columbus, Ohio) and water ad libitum. Two postoperative doses of
Gentamycin (5 mg/kg subcutaneously every 12 hours) were given as well as continuation of
Buprenorphine (0.03 mg/kg) and Lactated Ringer's solution (10cc) subcutaneously every 12
hours through postoperative day 4, and as needed thereafter. Weights were monitored daily
and diets adjusted as needed. Pin care was performed with Silvadene (Monarch
Pharmaceuticals, Inc., Bristol, Tenn.) every other day. Maxillary incisors were clipped
weekly due to overgrowth from cross bite and staples were removed by postoperative day
10. Animals were allowed to complete a 40-day recovery period prior to sacrifice.
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Tissue Processing

Left hemi-mandibles were harvested and demineralized using Cal-Ex Il (Fisher Scientifics;
Fairlawn, NJ), a formic acid solution. Specimens were vacuum processed by dehydration
and paraffin infiltration for 48 hours (Shandon Hypercenter XP, Pittsburgh, PA),
reinfiltrated for 2 hours in a vacuum bath (Leica Embedding Center, model EG1160,
Germany), and embedded in paraffin using Paraplast Plus (St Louis, MO). Peel-away
embedding molds were used and refrigerated overnight (4°C). Blocks were then sectioned
from anterior to posterior into 7-um coronal sections and mounted on glass slides. A total of
70 to 100 slides per block were obtained. Ten equally spaced slides from within the RG was
selected to uniformly represent the distraction gap and stained with Gomori 1-step
trichrome. Two midgap representative slides per specimen were chosen for continued
evaluation by QHM.

Histomorphometric Evaluation

Statistics

Results

Point counting of osteocytes and empty lacunae was performed with a light microscope
interfaced with a digital camera connected to a computer. Two randomly selected sections
from within the regenerate-spanning region were analyzed using the image analysis software
program Bioquant NOVA Osteo version 7 (R&M Biometrics, Nashville, Tenn.). Nine high-
power field images were randomly selected per region of interest using 16x magnification.
The high-power field images measured 295 x 366 pixels and were stored as TIFF files. Point
counting of osteocytes and empty lacunae was performed by three independent reviewers.

Image thresholding was also performed with Bioquant software. Using the images obtained
previously for point counting, three independent reviewers each obtained the tissue volume
(TV), mineralized bone volume (BV), and nonmineralized immature osteoid volume (OV).
Mature, mineralized bone color thresholded blue, while osteoid, immature bone color
thresholded red. The obtained measurements were then used to calculate ratios for BV/TV
and OV/TV.

Statistical analysis was performed using SPSS for Windows, version 17.0 (SPSS Inc,
Chicago, IL). All data is presented as mean + SE. Levene's test was used to determine
distribution of data. Two-tailed independent samples t-test and Mann-Whitney (M-W) test
were used for analyzing the following metrics: osteocytes/HPF and empty lacunae/HPF.
Results were accepted as statistically significant at p<0.05. Mann-Whitney results were
reported as the median with the interquartile range.

Both groups completed the surgical procedure without incident. Postoperatively, all animals
gained weight and maintained normal cage activity. None of the animals experienced device
dislodgement and the fixators remained stable until the animals were sacrificed. Both groups
did appear to have complete bony bridging. Gross examination of the left hemimandibles
revealed an increase in RG formation and surrounding tissue in the experimental group
receiving DFO.
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Microscopic evaluation confirmed that the DFO treated group generated more dense woven
bone in the distraction gap compared with controls (Figure 2). QHM point counting of
osteocytes demonstrated a substantial proliferation of osteocytes in the DFO treated animals
when compared to the RG of the control group. DFO treated animals saw a statistically
significant increase of over 80% in osteocyte count per high powered field when compared
to those animals that did not receive DFO (49 +2.5 vs 27 £3.1; p<0.001; Levine's test 0.44;
M-W 49.8 vs 22.0 [21.3 — 49.2]; Figure 3). No significant difference in the number of empty
lacunae between the two groups could be demonstrated via QHM analysis (1.11 £0.25 vs
0.75 +0.31; Levine's test 0.86; M-W 0.9 vs 0.7 [0.41 — 1.10]; Figure 3).

Gross examination of the slides showed an increase in total volume and apparent BV in the
DFO treated group. Color thresholding revealed a significant increase in BV fraction of the
DFO treated group compared with that of the control group (0.75 £0.048 vs 0.39 £0.032,
p<0.05; Levine's test 0.11; M-W 0.79 vs 0.39 [0.39 — 0.76]; Figure 3). There was also a
corresponding decrease in nonmineralized, osteoid matrix volume fraction in the DFO
treated mandibles compared to the control group (0.25 £0.048 vs 0.32 £0.032, p<0.05;
Levine's test 0.10; M-W 0.24 vs 0.34 [0.24 — 0.35]; Figure 3).

Discussion

The technique of mandibular DO relies on the recruitment and proliferation of bone
progenitor cells.5 The osteogenic process appears to be driven by angiogenesis, which is
stimulated through HIF activation whereby increased bone deposition is proportional to an
increase in vascularity.17:19.20 |n the present study, we document the effectiveness of DFO
treatment to enhance bone production and the number of osteocytes within the RG of a
murine mandibular model of DO. Our in vivo results suggest that these effects are a result of
DFQ's ability to maintain HIF-1a expression thereby increasing vascularity to the RG. To
our knowledge, all other studies using DFO for osteogenic purposes have been completed
exclusively in long bones.22:23 Our results in the membranous bone of the murine mandible
support and corroborate other recent DFO therapy studies in endochondral long bones
showing increased callus size and bone-strength in distraction and fracture repair.22:23

Studies in long bone distraction have shown the biological impact of HIF activation to
increase callus size, bone volume, and biomechanical strength.23 Our data in the mandible
confirms an increase in bone volume, more specifically, that of increased mineralized bone.
Increased bone mineralization was demonstrated by the higher BV/TV ratio and a
subsequent decrease in OV/TV ratio in the experimental group when compared with
controls. Our data also suggests that the improvement in bone healing metrics as a result of
improved angiogenesis may be attributed to a proliferation of osteocytes. A proposed theory
for DFO's activity is that the angiogenesis observed in the regenerating bone would serve to
increase the number of active bone (re)modeling units and provide a conduit for supply of
circulating bone precursor cells and/or delivery of vessel derived factors and cells required
for bone formation.23 The results of this study lend substantial support to this theory by
demonstrating a substantial expansion in RG cellularity, specifically an 80% increase in
osteocyte count. In similar studies using long bones, the proliferation of osteocytes and
increase of more dense woven bone reveals a clinical benefit in DO as revealed by increased
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bone strength.22 Our lab is completing further studies to extend this clinical significant
conclusion of increased bone strength with DFO to distraction of intramembranous bones.

The ability to enhance the RG in mandibular DO may allow significant modifications of the
conventional applications of the procedure. Future studies of interest will indicate how
increased vascularity might decrease the latency and consolidation period or increase the
periodicity, allowing for quicker removal of the distractor hardware. Even more promising is
the potential to increase the overall length that is achievable using current distraction
protocols. Our findings that increased vascularity translates into increased and enhanced
bone formation may have further application in scenarios where the vascular environment is
sub-optimal such as trauma or radiation injury. In these cases DFO could be utilized as a
therapeutic utilized to mitigate the pernicious effects of poor vascularity on new bone
formation and promote healing. Our findings also have potential for improvement of current
conventional DO protocols as DFO may allow for better consolidation and further maturity
of the bone thereby decreasing relapse.

Our treatment protocol of DFO was designed to promote angiogenesis and bone growth
while avoiding the adverse effects of iron deficiency on osteoblastogenesis and decreased
bone density. Although we focused our efforts during the time of distraction in this report,
there could also be a potential benefit for the use of DFO during the consolidation period
depending on the outcome that is desired. An important limitation of this study is the limited
time frame in which the bone is characterized. Additional studies analyzing the bone at
different time points currently underway will provide a more detailed our understanding of
the entire remodeling process with DFO treatment. As DFO therapy progresses to clinical
treatment, different methods of delivery, timing, and dosage need to be considered and
optimized.

Conclusions

Our findings suggest that DFO can improve the quantity, quality, and cellularity of RG
formation in the setting of mandibular DO. Our study also raises the possibility that DFO
may be more broadly applied to bone repair where vascularity is critical. The ability of DFO
to enhance bone formation may have utility in surgeon directed modification of current
conventional DO protocols which may in turn lead to superior reconstructive capabilities for
craniofacial surgeons in the future.
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Figure 1.
Radiograph displaying active distraction of the custom external bilateral fixator in a rat.
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Figure2.
Micrographs of 7micron sections of bone within the regenerate stained with Gomori

trichrome taken at 16x magnification. Mature bone thresholded blue and osteoid thresholded
red. DO - representative distracted control sample. DFO/DO - representative DFO treated
distracted sample.
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Figure 3.

Quantitative histomorphometric data comparing the distracted control group and the DFO
treated distracted group. BV — bone volume. OV - osteoid volume.
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