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1. Introduction

Adjuvant radiotherapy is an effective treatment modality that is utilized by approximately 

half of the cancer patient population (1). Despite its benefits, radiotherapy is known to have 

caustic effects on healthy tissues through mechanisms that disrupt normal tissue vascularity 

and cellularity (2,3). Bone is particularly susceptible to these detrimental effects because of 

a baseline metabolic turnover rate that is comparatively slower than that of other tissue types 

(4). This slow metabolism can help to mask clinical symptoms until pathologies progress 

beyond the point of prevention or early intervention. These aberrant effects can lead to 

debilitating pathologies such as osteoradionecrosis, pathologic fractures and associated non-

unions (5).

Although the underlying mechanisms of radiation injury have been studied extensively, 

currently, no clinically accepted medical therapies exist to prevent the deleterious effects of 

radiation on normal osseous tissues (6). Pharmacologic strategies designed to manipulate 

and optimize the cellular and vascular environments within irradiated bone are therefore 

warranted.

Previously, our laboratory has utilized amifostine–a radioprotectant–and deferoxamine–an 

angiogenic stimulant as targeted interventions to selectively preserve osteocyte viability and 

augment vascularity, respectively, in an animal model of mandibular fracture repair 

following radiation exposure. Our results demonstrated the ability of these singular therapies 

to partially temper the effects of radiation on mechanisms of fracture healing as measured 

with 3D angiographic modeling, histology, radiomorphometrics and mechanical testing (7–

10).
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Although our results with singular therapies are promising, complete restoration of our 

outcome measures and clinical assessments to that of normal, non-irradiated bone has yet to 

be achieved. The purpose of this study was to improve upon the success of singular 

therapies in an effort to reach more consistently normalized outcome measures by 

combining these targeted therapeutic interventions. We hypothesized that the cellular radio-

protective nature of amifostine, in combination with the angiogenic stimulation of 

deferoxamine would act in a complementary manner to improve upon irradiated fracture 

metrics and normalize outcome measures to reach non-irradiated fracture levels. Here we 

report 3D angiographic modeling, histology, Bone Mineral Density Distribution (BMDD) 

and biomechanical metrics of bone healing.

2. Materials and Methods

2.1 Study design

All animal experimentation was approved by the University of Michigan’s Committee for 

the Utilization and Care of Animals (UCUCA), and conducted in accordance with the 

guidelines published in the Guide for the Care and Use of Laboratory Animals: Eighth 

Edition. In order to facilitate the incorporation of destructive outcome measures, two cohorts 

of animals undergoing identical experimentation (with the exception of outcomes testing) 

represent each group. Animals in cohort 1 underwent 3D angiographic modeling and 

histology, while animals in cohort 2 underwent μCT imaging for BMDD analysis and 

mechanical testing.

Twelve-week-old male Sprague Dawley rats (n=117) were divided into 5 groups: fracture 

(Fx), irradiated fracture (XFx), irradiated fracture treated with deferoxamine alone (DFO), 

irradiated fracture treated with amifostine alone (AMF), and irradiated fracture treated with 

amifostine plus deferoxamine combination therapy (Combined). In Cohort 1 (n=60), animals 

were equally divided between groups (n=12/group). Cohort 2 (n=57) consisted of: Fx (n=5), 

XFx (n=14), DFO (n=15), AMF (n=10) and Combined (n=13). All irradiated groups 

received a previously established human equivalent dose of radiotherapy (HEDR) two 

weeks prior to surgery. AMF and Combined groups received an injection of subcutaneous 

amifostine immediately prior to each radiation therapy session. Following a two-week 

recovery period, all groups received an osteotomy posterior to the 3rd molar of the left 

hemi-mandible, along with the placement of an external fixator device. The DFO and 

Combined groups then received injections of deferoxamine directly into the fracture callus 

every other day from post-operative day 4–12 for a total of 5 doses. Following a 40-day 

healing period, animals were sacrificed, and mandibles were dissected for outcomes testing. 

(see Figure 1).

2.2 Amifostine injection

A subcutaneous amifostine injection (100 mg/kg) was given forty minutes prior to radiation 

therapy once daily for five consecutive days according to the radiation therapy schedule 

outlined below. The dosage was derived from an extensive review of the literature and 

previous work in our laboratory. We further optimized these doses and dosing schedules for 

use in this animal model (11, 12).
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2.3 Radiation procedure

Induction of anesthesia was achieved with an oxygen/isoflurane mixture. Left hemi-

mandibles were irradiated using a Philips RT250 orthovoltage unit (250 kV X-rays, 15 mA; 

Kimtron Medical, Woodbury, CT). Our selected region of interest (ROI) spanned a 2 mm 

distance posterior to the third molar, which corresponded to the future site of osteotomy. 

Lead shielding ensured localized delivery and protection of surrounding tissues. A 

previously described HEDR, developed with the guidance of the Department of Radiation 

Oncology at the University of Michigan, was utilized (13). A fractionated dose of 7 Gy per 

day was administered over 5 days for a total of 35 Gy, which is comparable to 70 Gy in 

human mandibular high-dose radiotherapy. Animals were allowed a 14-day recovery period 

after radiation exposure prior to osteotomy surgery.

2.4 Surgical procedure

Animals were prepared for surgery and underwent external placement of a custom 

mandibular fixator device followed by osteotomy directly behind the third molar on the left 

hemi-mandible as previously described (14, 15). Four hours after osteotomy, the fixator 

device was set to a 2 mm fixed distance for the remainder of the experiment.

2.5 Deferoxamine injection

Two hundred μM deferoxamine in 300 μL of normal saline was injected directly into the 

fracture site every other day starting on post-operative day 4 and continuing through 

postoperative day 12. This dosage was selected from a review of the literature concerning 

the use of deferoxamine in long bone animal models and modified according to our 

experimental use in the rat mandible (16–20). The time frame for administration was chosen 

to correlate with the reasonable time period for the initiation of angiogenesis in a murine 

fracture model (21–23).

2.6 3D angiographic modeling

Only rats in cohort 1 were anesthetized prior to thoracotomy and underwent left ventricular 

catheterization. Perfusion with heparinized normal saline followed by pressure fixation with 

normal buffered formalin solution ensued and ensured euthanasia. After fixation, the 

vasculature was injected with Microfil (MV-122, Flow Tech, Carver, Mass.), and mandibles 

were subsequently harvested en bloc and demineralized using Cal-Ex II solution (Fisher 

Scientifics; Fairlawn, NJ). Leeching of mineral was confirmed with serial radiographs to 

ensure adequate demineralization prior to scanning. μCT images were obtained using 

80kVp, 80mA and 1100 ms exposures. Three hundred and ninety-two projections were 

taken at a resolution of 18-micron voxel size. Utilizing GE’s Microview 2.2 software, scans 

were reconstructed and reoriented in a 3D x, y and z plane. The ROI was then cropped and 

splined for analysis. Due to demineralization, only the vessels perfused with Microfil 

appeared on the μCT scan. Vessel Volume (VVF) and Vessel Number (VN) were assessed 

(24).
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2.7 Histological analysis

All specimens underwent 70% ethanol fixation at 4°C and were decalcified with Cal-Ex II 

solution. The specimens were then vacuum processed, filtrated, and embedded in Paraplast 

Plus (i.e., paraffin containing dimethylsulfoxide; McCormic Scientific, Richmond, Ill.) as 

previously described (39). Embedding molds (22 × 40 mm) were used and stored overnight 

at 4°C. Blocks were sectioned coronally from anterior to posterior spanning the ROI (a 2 

mm distance posterior to the third molar, which corresponded to the site of osteotomy). 

Seven μm thick sections were taken through the ROI on a Leica Reichert-Jung microtome 

(model 2030; Biocut, Bensheim, Germany), and mounted on glass slides (Fisherbrand 

Superfrost Plus; Fisher Scientific). Sections were surface-stained with Gomori’s one-step 

trichrome. Osteocyte count (OC) was performed with a light microscope interfaced with a 

digital camera connected to a computer. Our ROI was superimposed onto the digital image 

using Bioquant NOVA Osteo version 7 (R&M Biometrics, Nashville, Tenn.). Nine high-

power field images were randomly selected per ROI using 16x magnification. The high-

power field images measured 295 × 366 pixels and were stored as TIFF files. Three 

independent reviewers performed the point counting of osteocytes.

2.8 Bone mineral density distribution analysis (BMDD)

μCT images of the dissected mandibles were obtained using 80kVp, 80mA and 1100 ms 

exposures (μCT, eXplore Locus SP, GE Healthcare Pre-Clinical Imaging, London, ON, 

Canada). Three hundred ninety-two projections were taken at a 45-micron voxel size for 

bone analysis. Utilizing the μCT images and GE’s Microview 2.2 software, BMDD 

histogram data was generated for the ROI using a predefined threshold of 800–4000 

Hounsfield Units (HU). This threshold identifies voxels as being bone within this volume 

and is typically used in our models for the normal distribution of bone density as previously 

described (25). An average histogram was generated for each group, and metrics were 

derived in accordance with previously established parameters (25–28).

2.9 Mechanical testing

After imaging, mandibles were potted and loaded to failure in uniaxial monotonic tension at 

0.5 mm/s using a servohydraulic testing machine (858 Minibiox II; MTS Systems 

Corporation, Eden Prairie, MN, USA). Crosshead displacement was recorded by using an 

external variable differential transducer (LVDT; Lucas Schavitts, Hampton, VA, USA), and 

load data were collected with a 100-lb load cell (Sensotec, Columbus, OH, USA). Data were 

sampled at 200 Hz on a TestStar system (TestStar IIs System version 2.4; MTS Systems 

Corporation). Load-displacement curves were analyzed for whole bone yield (Y), stiffness 

(S), ultimate load (UL) and failure load (FL) using custom computational code (MATLAB 

7.11; Mathworks Inc., Natick, MA, USA).

2.10 Statistical analysis

All data were presented as group means ± 1 SD. One-way ANOVA was used to compare 

means for all reported metrics. Significance was defined as p < 0.05. Levene’s test was used 

to exclude inequality of SD’s. Post hoc analysis for multiple group comparisons included 

Donneys et al. Page 4

Bone. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Tukey’s test or Games-Howell analysis if Levene’s test indicated inequality of variance. All 

statistical analysis was conducted using SPSS 20 software (IBM).

3. Results

3.1 Vascularity data

There was a significant reduction in VVF and VN for the XFx group as compared to the Fx 

group indicating a decreased vascularity with radiation exposure (p = 0.042 and 0.015, 

respectively). All therapies improved upon XFx levels (VVF: p = 0.045, 0.04 and 0.024; 

VN: p = 0.025, 0.020 and 0.041 for DFO, AMF and Combined, respectively), there were no 

differences observed between any of the therapies (VVF: p = 0.802, 0.971 and 0.479; VN: p 

= 0.874, 0.984 and 0.983 for DFO vs. AMF, Combined vs. AMF and Combined vs. DFO, 

respectively), and all therapies reached the levels of the non-irradiated fracture group (Fx) 

(VVF: p = 0.897, 1.0 and 0.949; VN: p = 1.0, 0.883 and 0.998 for DFO, AMF and 

Combined, respectively), implying that both AMF and DFO are equally effective in 

maintaining vascularity at the fracture site despite differing mechanisms of action, and that 

these effects are maintained in the combination therapy (see Figure 2).

3.2 Histology data

A significant reduction in OC was observed for the XFx group as compared to the Fx group, 

indicating decreased bone cellularity with radiation exposure (p = 0.001). All therapies 

improved upon XFx levels (OC: p = 0.001 for all three therapies). However, a significant 

difference between the Combined group and DFO was observed, as well as a trending 

difference between AMF and DFO, where both the AMF and Combined OC’s were higher 

than DFO (OC: p = 0.001 and 0.078 for Combined and AMF vs. DFO, respectively). This 

may imply that the ability to preserve osteocytes is an effect that is more pronounced with 

AMF therapy than with DFO alone, and that this effect is maintained in the combination 

therapy (see Figure 3).

3.3 BMDD data

Bone Mineral Density Distribution histograms were used to visualize and delineate where 

the changes in mineralization patterns existed between the groups. We found that the 

histogram curve of the Combined group more closely matched the curve of Fx than any of 

the other treatment groups. We also observed significant differences in the 5th percentile of 

mineralization (mLow) and the mineralization slope of decline (mSOD). mLow represents 

early, immature mineral within the bone whereas mSOD is an indicator of the higher 

radiodensities within bone, which represent more mature mineral. For both parameters, there 

was a significant reduction observed for the XFx group as compared to the Fx group (mLow: 

p = 0.006 and mSOD: p = 0.005). All therapies improved upon XFx levels for mLow (p = 

0.047, 0.018 and 0.002 for DFO, AMF and Combined, respectively). However, AMF failed 

to do so for the mSOD metric (p = 0.630). Further, significant differences were observed 

between AMF and Combined for mLow (p = 0.037), and between AMF and both DFO and 

Combined groups for mSOD (p = 0.027 and 0.018 for DFO and Combined, respectively). 

These findings highlight the effect of DFO in specifically preserving immature and mature 

mineral patterns within irradiated bone (see Figure 4).
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3.4 Mechanical testing data

In accordance with our other metrics, reductions across mechanical parameters were 

observed as a result of radiation administration. Specifically, there was a significant 

reduction in Y, S, UL and FL when comparing Fx to XFx (p = 0.049, 0.022, 0.036 and 

0.024, respectively). While DFO and Combined groups improved upon XFx levels for these 

metrics, AMF did not (Y: p = 0.001, 0.0081, 0.030; S: p = 0.003, 0.055, 0.004; UL: p = 

0.003, 0.097, 0.033 and FL: p = 0.003, 0.084, 0.026 for DFO, AMF and Combined, 

respectively). Further, a significant difference was observed between AMF and Combined 

for S (p = 0.047). Collectively, this may imply that the maintenance of structural integrity 

and mechanical strength are effects that are more pronounced with DFO therapy than with 

AMF alone, and that these effects are maintained in the combination therapy (see Figure 5).

4. Discussion

To date, there are no existing pharmacologic options for the prevention of radiation-induced 

bone pathologies. Current and past treatment paradigms have been largely unsuccessful in 

dealing with these complex diseases. Hyperbaric oxygen therapy (HBO), once considered 

the standard therapeutic modality by authors such as Marx, has not been proven to be an 

efficacious preventative strategy in these regards (29). Since there are no preventative 

measures, patients typically present at a point in time beyond the possibility of early 

intervention and non-invasive treatment. Consequently, therapeutic intervention typically 

occurs after irreversible damage has already taken place (30, 31). The current standard of 

care for advanced osteoradionecrosis, pathologic fractures and non-unions in the setting of 

radiotherapy is surgical debridement of necrotic bone, followed by autologous free tissue 

transfers. However, these operations are highly invasive, costly, complex and associated 

with high post-operative rates of morbidity (32–36).

In this study, we utilized a novel drug combination of amifostine, a cellular radioprotectant, 

and deferoxamine, an angiogenic stimulant, to simultaneously target the cellular and 

vascular niches within irradiated bone in a rat model of mandibular fracture repair following 

radiation exposure. We chose our therapies based on their demonstrated ability to impact 

these mechanisms and potentially affect a restoration of bone healing. In particular, because 

vascularity is such an integral part of maintaining viable cells, we felt that not only 

protecting the existing cells with amifostine, but restoring an adequate blood supply to the 

site of fracture healing with deferoxamine may afford a method for promoting osteocyte 

survival and optimized healing despite the effects of radiotherapy. Furthermore, recent 

cellular and molecular studies have shed considerable light on the effects of radiation on 

angiogenic mechanisms. While it is commonly known that radiation is detrimental to 

existing vascularity within irradiated bone, there is emerging evidence that radiation also 

affects endothelial cell function, and their angiogenic capacity. Imaizumi, et al. provide in 

vivo evidence that radiation prevents VEGF and FGF-2 induced angiogenesis, and in vitro 

evidence showing suppressed endothelial cell proliferation, migration and sprouting (37). 

Our previous results utilizing live cell imaging of irradiated endothelial cells in Matrigel 

corroborate these observations. We observed impaired migration, sprouting and lack of 

organization in vitro. These effects were subsequently remediated with the addition of 
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deferoxamine, prompting us to examine its utility in the animal model reported here (10, 

38).

The US Army developed amifostine during the Cold War as a preventative measure in case 

of nuclear war. It remains the most extensively studied and clinically utilized radioprotectant 

since that time period (39). Its clinical utility with regards to radiation toxicity is 

predominantly for the prevention of xerostomia, a common side effect of radiotherapy in 

HNC patients (40). Amifostine is an organic triphosphate prodrug that becomes active upon 

dephosphorylation in normal tissues. Once active, amifostine’s metabolite, WR-1065, 

scavenges radiation-induced reactive oxygen species that are responsible for much of the 

damage to healthy tissue cellularity and vascularity. Research has demonstrated that 

amifostine selectively protects non-malignant tissues due to a higher alkaline phosphatase 

activity, pH, and vascular permeation of normal tissues in comparison to malignant tissues 

(41). To our knowledge, the earliest research regarding its use for the protection of irradiated 

osseous tissues was conducted by Capizzi et al. who demonstrated its cytoprotective effects 

on bone marrow stem cells (42). Subsequently, Forrest et al. demonstrated its ability to 

prevent radiation-induced craniofacial growth restriction in vivo, and Damron et al. 

demonstrated its use for the prevention of radiation induced growth plate restriction (43–45).

Deferoxamine is an iron chelator clinically utilized for the treatment of transfusion-related 

iron-overload (46). Investigators have also discovered that the drug exhibits angiogenic 

properties through an induction of the HIF-1α pathway and subsequent up-regulation of 

VEGF and other downstream mediators of angiogenesis (47, 48). Regarding its use in bone, 

there is evidence supporting the ability of deferoxamine to enhance osseous healing through 

demonstrated augmentation of vascularity, bone quality, and mechanical strength in various 

murine long-bone fracture and distraction models (16–18). These findings prompted us to 

investigate the potential of deferoxamine to remediate radiation injury in our model.

Utilizing this combined pharmacologic strategy, our specific goals were: 1- To improve 

upon XFx metrics; 2- To normalize metrics to reach Fx (non-treated/non-radiated fracture) 

levels; and 3- To improve upon the effects of each singular therapy. Our quantitative metrics 

indicate that only the Combined group consistently achieved all three benchmarks. Across 

the board, the Combined group improved upon XFx levels, normalized all reported metrics 

and was consistently as good as, or superior to the other treatment groups. As a note, 

however, the Combined therapy was never better than both singular therapies, reasonably 

indicating that the observed effects were a result of the therapeutic contributions of 

amifostine and deferoxamine, as opposed to novel effects elicited by the combination.

Although DFO also consistently improved upon XFx levels and normalized the reported 

metrics, it was inferior to the combined therapy for osteocyte count. Lastly, although AMF 

improved upon radiation levels for metrics of vascularity and histology, it failed to improve 

upon radiation levels for the BMDD 5th percentile of mineralization (mLow), and all 

reported mechanical metrics.

Through our data, we were also able to elucidate the strengths and weaknesses of each 

therapeutic contribution. Interestingly, both amifostine and deferoxamine maintained 
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vascularity despite their differing mechanisms of action (i.e. cytoprotection vs. angiogenic 

stimulation, respectively). While the angiogenic capacity of deferoxamine has been 

demonstrated, it is reasonable to deduce that amifostine also plays a role in the preservation 

of endothelial cells and their subsequent angiogenic mechanisms, although focused in vitro 

studies will be needed to substantiate these findings and offer further insights. Deferoxamine 

was less effective than amifostine at preserving osteocytes. However, BMDD and 

mechanical data demonstrated that deferoxamine was superior to amifostine in preserving 

early and late mineralization patterns and mechanical strength at the irradiated fracture site. 

Upon further consideration, our BMDD data visually highlighted the similarities between 

the mineralization patterns of the Combined group and the Fx group, and demonstrated how 

the combination therapy functioned to establish a mineralization curve that was very near 

that of normally healing, non-irradiated bone. Taken together, our observations indicate that 

both singular therapies exhibited unique strengths that enhanced the combination therapy in 

a complementary fashion. It is plausible that while amifostine works to preserve the working 

capacity of existing irradiated cells, deferoxamine works to reestablish the requisite 

functional vascular channels needed to deliver vital substrates to the site of fracture healing.

We wish to address and clarify limitations to our study. In our design, we utilize an 

osteotomy in lieu of a naturally occurring fracture. Clinically, pathologic fractures often take 

years to develop after radiotherapy. Despite the constraints of practicality and time, we have 

demonstrated that our model effectively recreates the signs of pathologic fracture in a timely 

and reproducible manner, making it a viable and pertinent platform for pathologic fracture 

research. Lastly, and most clinically relevant, although the tumorigenic safety of amifostine, 

particularly regarding its use in the head and neck cancer population, is widely accepted, the 

angiogenic safety of deferoxamine use in cancer patients has not been well established. In 

fact, we are not advocating the use of deferoxamine around the time of oncologic 

management. Instead, its use would be more judicious at a later time, away from the time of 

tumor resection and radiation, but prior to the typical time-period for the development of 

radiation-related osseous complications. Despite this, there are several promising studies 

demonstrating that deferoxamine has anti-tumorigenic properties by depleting rapidly 

dividing cancerous cells of iron, which is vitally important in DNA replication (49–52). 

Nonetheless, future studies should be aimed at identifying the tumorigenic safety of 

deferoxamine and the relevant time period of use for these intended purposes.

In conclusion, radiation-induced bone pathologies are known to cause substantial morbidity, 

and effective preventative measures are currently lacking. Here we demonstrate a 

therapeutic strategy for targeting the cellular and vascular niches within irradiated bone with 

radioprotective amifostine and angiogenic deferoxamine and report the benefits and 

limitations of each therapy.
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Highlights

• We examine a combination treatment for radiation-induced changes to bone 

healing

• Angiographic modeling, histology and biomechanics quantified bone healing

• Investigation of combined amifostine plus deferoxamine treatment is reported
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Figure 1. 
(Top): Experimental timeline. (Bottom): Schematic left hemi-mandible demonstrating the 

region of interest (ROI) highlighted in white.
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Figure 2. 
Analysis of vascularity: (a and b) Representative angiogram reconstructions of the region of 

interest depicting the XRT and Combined groups. Note the diminution of blood vessel 

volume and altered morphology after radiation treatment that is not present with combined 

therapy. (c and d) 3D angiographic modeling metrics for Vessel Volume Fraction (VVF) 

and Vessel Number, respectively. *: p < 0.05.
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Figure 3. 
Histological analysis: (a and b) Representative 16x high power field sections with Gomori’s 

trichrome stain, demonstrating the diminution of osteocytes in lacunae within irradiated 

bone, and the comparative sparing of osteocytes observed with combined therapy. (c) ROI 

osteocyte count metric. *: p < 0.05
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Figure 4. 
BMDD analysis: (a) Graphic depiction of group histograms visually highlighting the 

similarity of the Combined curve to that of Fx. (b and c) BMDD metrics of mineralization 

slope of decline and mineralization-low. *: p < 0.05
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Figure 5. 
(a–d) Mechanical metrics of yield, stiffness, ultimate load and failure load. *: p < 0.05
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