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Abstract

Radiation therapy for soft tissue sarcoma or tumor metastases is frequently associated with 

damage to the underlying bone. Using a mouse model of limited field hindlimb irradiation, we 

assessed the ability of parathyroid hormone (1–34) fragment (PTH) delivery to prevent radiation-

associated bone damage, including loss of mechanical strength, trabecular architecture, cortical 

bone volume, and mineral density. Female BALB/cJ mice received four consecutive doses of 5 Gy 

to a single hindlimb, accompanied by daily injections of either PTH or saline (vehicle) for 8 

weeks, and were followed for 26 weeks. Treatment with PTH maintained the mechanical strength 

of irradiated femurs in axial compression for the first eight weeks of the study, and the apparent 

strength of irradiated femurs in PTH-treated mice was greater than that of naïve bones during this 

time. PTH similarly protected against radiation-accelerated resorption of trabecular bone and 

transient decrease in mid-diaphyseal cortical bone volume, although this benefit was maintained 

only for the duration of PTH delivery. Overall, PTH conferred protection against radiation-induced 

fragility and morphologic changes by increasing the quantity of bone, but only during the period 

of administration. Following cessation of PTH delivery, bone strength and trabecular volume 

fraction rapidly decreased. These data suggest that PTH does not negate the longer-term potential 

for osteoclastic bone resorption, and therefore, finite-duration treatment with PTH alone may not 

be sufficient to prevent late onset radiotherapy-induced bone fragility.
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Introduction

While radiation therapy is efficacious as a treatment for management of metastatic disease 

(tumor reduction, pain management) and surgical adjunct for soft tissue sarcoma, many 

patients will experience radiation-associated damage to normal tissues surrounding the 

targeted area. Inclusion of underlying bone within the irradiation field is often unavoidable, 

and occurs in radiotherapy treatment of breast cancers (rib), gynecologic and anorectal 

tumors (pelvis), and extremity soft tissue sarcomas (femur, tibia, humerus, radius, ulna) [1–

7].

Skeletal morbidity following radiotherapy may include loss of trabecular bone, osteocyte 

death, increased bone fragility, and even bone fracture [1, 8–13]. Clinical interventions to 

prevent this bone damage are largely limited to radiation dose fractionation and beam 

collimation. Use of FDA approved pharmacologic agents, including anti-resorptive and 

anabolic drug therapies, could potentially provide prophylaxis against these adverse effects. 

Ideally, clinical interventions would prevent trabecular resorption, maintain bone strength, 

and preserve bone cell health.

Parathyroid hormone fragment (PTH) is used clinically in severely osteoporotic patients to 

shift bone homeostasis towards an anabolic state and thereby prevent fragility fractures. Off-

label, it has been used to manage fracture nonunions [14, 15]. However, a black box warning 

for osteosarcoma based on data from early preclinical animal trials has deterred clinical 

application in cancer patients. The applicability of these preclinical animal data to clinical 

use has been challenged, and while PTH may eventually be deemed safe for use in 

radiotherapy patients, here we have employed PTH as a proof-of-principle treatment for its 

anabolic properties [16]. Specifically, we hypothesized that PTH could be used to prevent 

post-radiotherapy bone fragility and bone resorption, thereby maintaining bone health long 

term. The goal of this study was to evaluate the potential for an anabolic agent, PTH (1–34), 

to prevent radiation-associated bone damage using a mouse model of limited field 

irradiation.

Methods

Animal Model

Consistent with our previous work in this model [13, 17, 18], 98 female BALB/cJ mice 

(Jackson Labs, Bar Harbor, ME, aged 8 weeks on arrival and 12 weeks on first day of 

radiotherapy) were selected for this study, as skeletal growth has greatly slowed at this age, 

approximating skeletal maturity in the smallest relevant animal model. Mice were 

community housed (5 mice/cage, 12 h light/dark cycle) with free access to food and water, 

and permitted a 4-week acclimation period prior to treatment. Welfare observations were 

made daily throughout the 6-month study. Mice were randomly assigned to treatment 

groups, with n = 7 mice/group/time point, based on a power analysis including a 10 % 

standard deviation to achieve 90 % power to show a 20 % difference at a α = 0.05.

Radiation therapy was modeled with delivery of four consecutive daily 5 Gy fractions of 

unilateral limited field hindlimb irradiation (4 × 5 Gy at 300 kV, BED = 55.7 Gy2.8 using the 
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linear quadratic model, Philips RT-250, Andover, MA) [19, 20]. Briefly, mice were 

anesthetized (ketamine/xylazine at 100/10 mg/kg IP), positioned with right hindlimbs 

extended into the radiation field, and a 4-mm-thick lead shield over the body and 

contralateral control (0 Gy) limb. In previous work with this model we did not detect any 

differences between non-irradiated contralateral control limbs and those derived from 

matched sham animals (no irradiation to either limb); therefore, no sham animals were 

included in this study [17]. Mice tolerated this protocol well, with no adverse events or 

deaths.

Beginning on the first day of radiation therapy (RTx), mice received daily subcutaneous 

injections for 8 weeks (5 days/week, ending at week 7 post-RTx) of either PTH (1–34) 

(PTH, 40 μg/kg, Sigma-Aldrich, St. Louis, MO) or an equivalent volume of vehicle (VEH, 

saline with carrier protein). Mice were weighed weekly and PTH or VEH dosages adjusted 

according to body mass. At the start of the study, mice had a mean body weight of 21.6 ± 1.9 

g. The body weights of the VEH and PTH groups were not different at the start of the study 

(21.4 ± 2.2 and 21.8 ± 1.6 g, respectively), or at any subsequent time point. Animal 

behaviors, including ambulation, nutrition, activity level, and grooming, were not affected by 

the radiation or drug treatment. The week zero time point was defined as the day following 

the fourth RTx fraction. At 0, 1, 2, 4, 8, 12, and 26 weeks post-RTx, mice were euthanized 

and femurs were disarticulated, wrapped in saline moistened gauze, and stored at −80 °C. 

All methods were approved by the SUNY Upstate Institutional Animal Care and Use 

Committee and conducted in accordance with AAALAC guidelines.

Micro-CT Imaging

Whole femurs were imaged using micro-computed tomography (μCT 40, Scanco, 

Brüttisellen, Switzerland) at a 12 lm voxel resolution. Three volumes of interest (VOIs) were 

evaluated, including a 1-mm-thick axial section of mid-diaphyseal cortical bone (VOI shown 

in Fig. 2); a 0.8-mm-thick volume of metaphyseal trabecular bone located 0.4 mm proximal 

from the growth plate (VOI shown in Fig. 3); and cortical and trabecular bone from the 

distal 5 mm of the femur (VOI shown in Fig. 4). Quantitative analysis included bone volume 

(BV) or bone volume fraction (BV/TV), bone tissue mineral density (TMD), bone mineral 

content (BMC), and trabecular morphology parameters (number, thickness, spacing, 

connectivity, and orientation). Reconstructed 3-D images were also digitally segmented to 

illustrate morphologic changes (ImageJ, NIH, Bethesda, MD). The BoneJ plugin for ImageJ 

was used to quantify cortical wall thickness and average cortical cross-sectional area (CSA) 

for a 0.12-mm-thick volume of mid-diaphyseal cortical bone [21].

Mechanical Testing

Proximal femurs were potted in dental cement (COE Tray Plastic, GC America, Alsip, IL) 

and placed in the uniaxial test frame (Q-Test, MTS, Eden Prairie, MN). A compressive 

preload of 1 N was applied and the distal condyles stabilized in a 0.5-mm-deep well of 

dental cement. Uniaxial compression testing of the distal femur was then done at a load rate 

of 0.5 mm/minute until a 20 % decrease in applied load beyond peak load was reached. 

Outcome measures included ultimate load, work to ultimate load, and apparent strength [22]. 
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Apparent strength was calculated as the ultimate load divided by the apparent area of the 

distal 5 mm of the femur (bone volume for the distal 5 mm of the femur/5 mm).

Statistics

Morphologic and biomechanical outcome measures (dependent variables) were analyzed 

using two approaches. First, the effect of radiation on the outcome measures at each time 

point was assessed using paired t tests comparing the irradiated (right) femur to the 

contralateral control (left, non-irradiated) femur. To determine the effect of PTH treatment 

on irradiated bone, one-way ANOVAs with post hoc Tukey’s tests (TT) were run at each 

time point for each outcome measure (JMP11, SAS, Cary, NC). The results presented here 

focus on the comparison between the RTx-PTH and RTx-VEH groups. In the interest of 

completeness, however, significant differences for the RTx-PTH vs. Ctrl-VEH and PTH-

VEH vs. Ctrl-VEH are denoted in the figures.

The second analysis was done to evaluate how rates of change in the outcome measures 

differed between treatment groups over time using Analysis of Covariance (ANCOVA, with 

time as the covariate). For the ANCOVA analyses, a log transformation was performed on 

the time scale for 0–12 week time points to linearize the response; 26-week data were 

excluded to isolate the main effects of the PTH treatment (delivered during weeks 0–7 of the 

study). To evaluate the RTx model used in this study, ANCOVA was used to test whether 

RTx (RTx-VEH group) had a different effect on the outcome measures over time compared 

to control bones (Ctrl-VEH group). To evaluate whether PTH could ameliorate the effects of 

RTx, ANCOVA was used to test whether PTH (RTx-PTH group) altered the response over 

time compared to the group receiving the RTx regime (RTx-VEH group). Differences in 

slope could be assessed using the interaction term of the ANCOVA. For all outcomes, 

statistical significance was defined at p ≤ 0.05. The final samples sizes analyzed were n = 6–

7 mice/group/time point after excluding samples that fell outside of a 95 % confidence 

interval.

Results

Micro-CT Imaging

Gross visual examination of the reconstructed micro-CT images, in addition to quantitative 

analyses, visibly illustrated radiation and PTH treatment effects. Both sagittal and 

metaphyseal transverse image sections illustrate the loss of trabecular bone in irradiated 

femurs (Fig. 1). PTH treatment prevented the apparent loss of trabecular bone in irradiated 

femurs at weeks two and four. Femurs from the RTx-PTH group, however, showed more 

extensive loss of trabecular bone following cessation of PTH (weeks 8–12) than Ctrl-PTH 

femurs.

Mid-Diaphyseal Cortex—Both cortical BV and BMC were significantly decreased by 

radiation in the VEH group (VEH-RTx vs. VEH-Ctrl) at 4- to 26-week time points (Fig. 2a, 

b, t ≤ 0.049 by paired t tests), and significantly increased at week 26 (t < 0.039 by paired t 
test). Cortical TMD was increased in VEH-RTx samples compared to VEH-Ctrl at week 2, 

and decreased at weeks 12 and 26 (Fig. 2c, all t ≤ 0.031 by paired t tests). Results for cross-
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sectional area (CSA) and mean cortical thickness are summarized in Supplementary Table 1. 

An ANCOVA comparing Ctrl-VEH and RTx-VEH groups between 0 and 12 weeks showed 

that while mean cortical thickness increased over time in control femurs, it remained 

constant in irradiated femurs, with the rate of change significantly different between the two 

groups (Table 1; Fig. 6a, p < 0.009).

Cortical bone volume was significantly increased in PTH-RTx femurs compared to VEH-

RTx at week 8 (Fig. 2A, p < 0.001 by TT). Bone mineral content (Fig. 2b) was similarly 

increased in the PTH-RTx group compared to VEH-RTx at week 8 (p < 0.001 by TT). Mid-

diaphyseal cortical tissue mineral density was not different between PTH-RTx and VEH-

RTx groups at any time point. Using an ANCOVA to compare RTx-VEH and RTx-PTH 

samples over the 0- to 12-week time points demonstrated that PTH significantly increased 

cortical BV, BMC, CSA, and mean thickness in irradiated bones (Table 1, p < 0.001). The 

rate of increase was also significantly greater (p ≤ 0.020) in RTx-PTH samples than RTx-

VEH samples for the diaphyseal BV, BMC, CSA (Table 1), and mean cortex thickness (Fig. 

6b).

Metaphyseal Trabecular Bone—Trabecular bone volume fraction (BV/TV, Fig. 3a) was 

initially increased by RTx in the VEH group at weeks 0–1 (t ≤ 0.039 by paired t tests), but 

decreased by RTx thereafter (t < 0.038 at weeks 4–12, with t = 0.055 at week 26). 

Trabecular number (Tb.N, Fig. 3b) was transiently increased in RTx samples from the VEH 

group (t = 0.004 vs. VEH-Ctrl at week 0), and later decreased (t < 0.001 at weeks 2–4 and t 
= 0.088 at week 12, all by paired t tests). There was substantial variability in the trabecular 

number, thickness, and spacing for the irradiated samples in the VEH group at week 26, as 

three of seven femurs were completely devoid of trabecular structures. Tissue mineral 

density (TMD, Fig. 3c) was significantly increased at weeks 0, 1, 4, and 8 in VEH-RTx 

samples compared to VEH-Ctrl samples (t ≤ 0.020). Trabecular thickness (Tb.Th, 

Supplementary Table 2) was increased in VEH-RTx samples compared to controls at weeks 

1–4 (t ≤ 0.024) and decreased at week 12 (t < 0.010), while trabecular spacing (Tb.Sp) was 

increased at 0, 2, 4, and 12 weeks (t ≤ 0.004). Additional trabecular morphology parameters 

are summarized in Supplementary Table 2. An ANCOVA comparing Ctrl-VEH and RTx-

VEH data over weeks 0–12 found that RTx significantly accelerated the rate of trabecular 

bone loss, as measured by rate of decrease in BV/TV (Fig. 6c), Tb.N, and connectivity 

density (Conn.D, Table 1, p < 0.001 for all three) parameters. RTx also accelerated the rate 

of increase in trabecular spacing and structural model index (SMI) compared to non-

irradiated controls (p < 0.002).

Metaphyseal BV/TV was significantly increased in PTH-RTx femurs compared to VEH-

RTx femurs at weeks 1–8 (Fig. 3a, p ≤ 0.001 by TT). Trabecular number significantly 

increased in PTH-RTx femurs at weeks 1–2 (Fig. 3b, p ≤ 0.006 vs. VEH-RTx by TT, with p 
= 0.057 at week 4). Tissue mineral density was significantly increased in PTH-RTx femurs 

compared to VEH-RTx femurs only at week 26 (Fig. 3c, p < 0.009). At weeks 1–8 and 26, 

Tb.Th was significantly increased in the PTH-RTx group compared to VEH-RTx (p < 0.014 

by TT, Supplementary Table 2), and Tb.Sp significantly decreased at weeks one and two (p 
≤ 0.035 by TT). Using an ANCOVA to compare RTx-VEH and RTx-PTH groups between 0 

and 12 weeks, PTH was found to significantly increase BV/TV (Fig. 6d), Tb.N, Tb.Th, and 
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Conn.D in irradiated bones (p < 0.001), while decreasing Tb.Sp and SMI (Table 1, p < 

0.001). With the exception of SMI (p = 0.034), the rate of change in these parameters was 

not different between the PTH-RTx and VEH-RTx groups.

Distal Femur—Bone volume in the distal femur (Fig. 4a) was significantly increased in the 

VEH-RTx femurs compared to VEH-Ctrl femurs at 0–12 weeks (t ≤ 0.040 by paired t tests). 

Similarly, distal femur BMC (Fig. 4b) increased in VEH-RTx femurs compared to VEH-Ctrl 

femurs at weeks 0–12 (t < 0.048 by paired t tests). Tissue mineral density (Fig. 4c) over this 

region was increased in VEH-RTx samples at weeks four and eight post-RTx (t ≤ 0.047 vs. 

VEH-Ctrl by paired t tests). Using an ANCOVA to compare Ctrl-VEH and RTx-VEH 

samples between 0 and 12 weeks post-RTx, radiation treatment significantly increased mean 

BV and BMC, but did not significantly affect the rate of change in BV (Fig. 6e) or BMC 

(Table 1). The rate of increase in TMD, however, was significantly elevated (p = 0.003) in 

RTx-VEH samples compared to Ctrl-VEH.

Irradiated femurs in PTH-treated mice demonstrated increased bone volume at weeks 0–12 

compared to VEH-RTx femurs (Fig. 4a, p ≤ 0.045 by TT). BMC followed the response of 

BV, and was increased in the PTH-RTx samples at weeks 0–12 (Fig. 4b, p ≤ 0.003 vs. VEH-

RTx except for week 2, where p = 0.075 by TT). Tissue mineral density (Fig. 4c) was 

increased in the PTH-RTx group at weeks 2–4 (p < 0.030 vs. VEH-RTx). ANCOVA 

comparison of RTx-VEH and RTx-PTH samples between 0 and 12 weeks revealed that PTH 

treatment of irradiated bones significantly increased BV and BMC at the distal femur, while 

significantly decreasing TMD (Table 1). The rate of increase in BV (Fig. 6f) and BMC 

values was significantly greater (p < 0.007) in the RTx-PTH group than in the RTx-VEH 

group.

Mechanical Testing

Ultimate load (Fig. 5a) was initially increased in response to radiation (t ≤ 0.011 for VEH-

RTx vs. VEH-Ctrl at week 1 by paired t test). Following this, VEH-RTx femurs 

demonstrated decreased ultimate load compared to VEH-Ctrl femurs at week 8 (t < 0.017, 

with t = 0.059 at week 12 by paired t tests). Apparent strength (Fig. 5b) was significantly 

decreased in the VEH-RTx group compared to VEH-Ctrl at weeks 2, 8, and 12 (t < 0.0325 

by paired t tests). Work to ultimate load (Fig. 5c) increased at weeks 0–1 in the VEH-RTx 

group (t < 0.006 vs. VEH-Ctrl by paired t tests), and then decreased at weeks 8–24 (t ≤ 

0.022 vs. VEH-Ctrl by paired t tests). Stiffness was significantly increased at week 12 (t < 

0.001, Supplementary Table 3). Comparison of Ctrl-VEH and RTx-VEH groups over weeks 

0–12 by ANCOVA showed that RTx decreased apparent strength (Table 1, p < 0.014). The 

rate of increase for stiffness (p < 0.001), and rate of decrease for ultimate load, work to 

ultimate load, and apparent strength (Fig. 6g) was significantly greater in the RTx-VEH 

group than the Ctrl-VEH group (p ≤ 0.012).

PTH treatment significantly increased ultimate load in irradiated femurs at weeks 0–8 (Fig. 

5a, p ≤ 0.018 for PTH-RTx vs. VEH-RTx by TT). Apparent strength in PTH-RTx femurs 

increased compared to VEH-RTx femurs at weeks 1, 4, and 8 (Fig. 5b, p ≤ 0.040 by TT). 

Work to ultimate load was increased at weeks 0–8 in PTH-RTx femurs (Fig. 5c, p ≤ 0.026 
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vs. VEH-Ctrl by TT). Using ANCOVA to compare RTx-VEH samples to RTx-PTH samples 

over weeks 0–12 (Table 1) indicated that PTH treatment significantly increased ultimate 

load, work to ultimate load, and apparent strength (Fig. 6h) in irradiated samples (p < 

0.001). PTH treatment did not modify the rate of change in these parameters in irradiated 

bones.

Discussion

Consistent with previous observations in this model of limited field irradiation, radiation-

induced bone fragility was characterized by a biphasic (initial increase then decrease) 

change in apparent strength, and an accelerated loss of mechanical integrity (ultimate load, 

work, apparent strength) [22]. Trabecular architecture changes also followed a biphasic 

response, with an initial increase in trabecular BV/TV followed by accelerated rate of 

trabecular resorption (decreased BV/TV, increased Tb.Sp). There was increased trabecular 

TMD, and increased distal femur bone volume with time, but overall loss of mechanical 

strength following radiation treatment, suggesting that there was damage to the bone tissue 

making it more brittle. It is well established that bone strength is not determined wholly by 

bone quantity [23]. Rather, the strength of bone is derived from the interaction between 

morphology (including quantity) and tissue quality [24]. Increased bone quantity may 

temporally correlate with decreased bone strength, if the bone matrix is of poor quality. In 

this model, bone fragility may result from both direct radiation damage to the matrix quality 

(e.g., collagen cross-linking) and cell-mediated alterations of matrix quantity and quality 

(e.g., trabecular resorption).

In this model, PTH treatment was effective in amelio-rating bone damage during the first 8–

12 weeks following radiation. PTH prevented radiation-induced loss of trabecular bone, 

cortical bone volume, and mechanical strength over the first 8–12 weeks post-RTx. In 

irradiated bones, the rate of trabecular bone loss between 0 and 12 weeks was not different 

between VEH and PTH groups, but the PTH groups on average had more trabecular bone. 

The increased quantity of trabecular bone in PTH-treated samples may have offset the time 

before which RTx-associated damage becomes critical. Given similar rates of resorption, 

starting with more bone would prolong the amount of time before the trabecular bone is 

completely resorbed. Bone mineral density was not consistently increased by PTH delivery, 

likely due to the rapid formation of new bone induced by anabolic drug delivery. Cessation 

of PTH treatment was followed by remodeling of the bone formed in response to the drug 

delivery. This was expected following discontinuation of an anabolic stimulus, and the 

known ability of PTH to potentiate osteoclastic activity [25].

While PTH treatment preserved trabecular bone in irradiated specimens up to 8 weeks post-

RTx, discontinuation of PTH was followed by a rapid decrease in metaphyseal BV/TV 

between 8 and 12 weeks. This extensive trabecular bone resorption implies a corresponding 

increase in osteoclast numbers or activity. This was an unexpected finding, since in our 

previous work with this same animal model of limited field radiotherapy, we documented 

increased osteoclast numbers at 2–4 weeks post-RTx, followed by persistent long-term 

depletion of osteoclasts [13]. Future work could verify the relationship between this rapid 
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post-PTH loss of trabecular structure and local osteoclast activity in irradiated hindlimbs 

through histology and histomorphometry.

The literature suggests that PTH can promote post-radiation survival of hematopoietic 

lineage cells, potentially preserving the osteoclast progenitor population. PTH is known to 

promote hematopoietic progenitor cell survival if delivered within a few hours of radiation 

exposure [26, 27]. Additionally, PTH has been shown to increase osteoclast progenitor 

populations in vivo and potentiate osteoclastic activity, although this has only been 

demonstrated following shorter durations of PTH dosing [28]. It is possible that, in this 

model, PTH treatment preserved osteoclast progenitor cell populations from radiation 

damage, and permitted or even potentiated increased osteoclast activity following 

discontinuation of PTH injections.

PTH treatment in this model was not, however, entirely without long-term benefit. In 

irradiated bones, the 8-week PTH treatment resulted in higher metaphyseal BV/TV and 

TMD at 26 weeks. By 26 weeks, the treatment groups had converged towards Ctrl-VEH 

values for many outcome measures. Interpretation of the 26-week data is also complicated 

by normal age-associated bone loss in older mice (here, aged 9.5 months) [29].

Other groups have documented the efficacy of PTH delivery in lessening osteolytic tumor 

damage in irradiated bone, augmenting distraction osteogenesis in irradiated mandibles, 

preventing early trabecular bone loss following low-dose irradiation of juvenile rat 

hindlimbs, and maintaining osteocyte viability following focal radiotherapy [30–34]. Most 

published studies evaluating PTH in orthopedic radiation damage models have delivered the 

drug for the entire duration between irradiation and the final end-point, or not sampled 

multiple time points [31–35]. The study presented here represents, to our knowledge, the 

first long-term evaluation of finite-duration PTH treatment as an adjunct to limited field 

irradiation in an animal model.

Radiation damage to bone may manifest through multiple processes, including both direct 

damage to the bone matrix as well as cell-mediated processes. Direct damage to the bone 

matrix by ionizing radiation may include decreased mineralization, altered mineral-to-matrix 

ratio, pathologic matrix cross-linking, and collagen fragmentation [17, 36, 37]. Focal 

radiation (5 × 4 Gy) has been shown both to decrease local osteoblast and osteoclast 

numbers, and to reduce marrow progenitor cell (MPC) self-renewal and osteoblastic 

differentiation capabilities in a mouse model [38]. In addition to depleting hematopoietic 

progenitor cell (HPC) populations, radiation may indirectly suppress HPC proliferation 

through increased marrow adiposity [37, 39, 40]. Radiation can also damage progenitor stem 

cell populations through direct destruction of bone vasculature, which is critical for 

maintenance of the stem cell niches [38].

Our results suggest that deriving long-term clinical benefit from PTH as a radiotherapy 

adjunct may require further untangling of the complex mechanisms involved in PTH 

signaling. Regulation of hematopoietic cell viability and proliferation by PTH is thought to 

occur through direct PTH activity on marrow progenitors or osteoblast lineage cells, 

although the specific cell type is yet unidentified [25, 28, 41]. Similarly, the anabolic activity 
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of PTH is associated with increased hematopoietic marrow cell numbers and increased MPC 

proliferative potential, possibly controlled through PTH upregulation of TGFb signaling [35, 

41]. The ability of PTH to act as both an anabolic agent (intermittent delivery) and catabolic 

agent (continuous delivery) reflects the complexity of in vivo PTH signaling, which appears 

to be regulated through the interactions of multiple marrow cell populations [42–44]. While 

intermittent PTH delivery exerts an overall anabolic effect, PTH-induced osteoblastogenesis 

is accompanied by an overall increase in RANKL expression by the osteoblasts, possibly 

potentiating osteoclast differentiation or activity [28, 45]. In order to maintain long-term 

bone health and homeostasis following radiotherapy, preservation of both hematopoietic/

osteoclast and mesenchymal/osteoblast lineage cells would be necessary.

Conclusions

Bone damage following radiotherapy is characterized by diverse, site-specific, and time-

dependent responses to mechanical properties and morphology [13, 22]. In this mouse 

model, radiation induces morphologic alterations at the distal femur, accelerated loss of 

trabecular structures, and an early increase in mechanical strength followed by a later 

decrease. Delivery of PTH (1–34) protected against loss of bone strength and trabecular 

structures not by slowing the rate at which bone was resorbed, but by providing more initial 

material to be lost. Interestingly, the benefits of PTH therapy on bone strength and trabecular 

architecture were rapidly lost following cessation of drug delivery. Had mice received PTH 

for the duration of this 6-month study, these parameters would likely have been maintained 

in the PTH-RTx group. Further investigation is necessary to identify potential strategies for 

maintaining the beneficial effects of PTH in irradiated bone following cessation of PTH 

treatment, as indefinite delivery of parathyroid hormone is clinically contraindicated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Digitally sectioned views of the distal femurs at each time point, including sagittal sections 

of the distal 5 mm of the femur and transverse sections through the metaphysis
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Fig. 2. 
Micro-CT analysis of a 1-mm-thick section of mid-diaphyseal femoral cortical bone. a The 

decrease in bone volume (BV) at 4–26 weeks in the RTx-VEH group was prevented by PTH 

supplementation. b Cortical bone mineral content (BMC) responded similarly to bone 

volume. c The decrease in cortical bone tissue mineral density (TMD) in the RTx-VEH 

group at 12–26 weeks was attenuated in the RTx-PTH group. Data are graphed as average ± 

standard deviation, with statistical significance indicated at t < 0.05 for RTx-VEH vs. Ctrl-

VEH or p < 0.05 for all other comparisons
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Fig. 3. 
Micro-CT analysis of a 0.8-mm-thick volume of metaphyseal trabecular bone located 0.4 

mm proximal from the growth plate. a Trabecular bone volume fraction (BV/TV) was 

initially increased in the RTx-VEH group, but decreased from weeks 4–12. Trabecular bone 

volume was preserved in the RTx-PTH group until cessation of PTH treatment at week 

seven. b Trabecular number (Tb.N) initially increased in response to both RTx and PTH 

treatment. c Trabecular bone tissue mineral density (TMD) increased following RTx, and 

differed between the RTx-PTH and RTx-VEH groups only at week 26. Data are graphed as 

average ± standard deviation, with statistical significance indicated at t < 0.05 for RTx-VEH 

vs. Ctrl-VEH or p < 0.05 for all other comparisons
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Fig. 4. 
Micro-CT analysis of the distal 5-mm femur volume of interest. a The distal femur bone 

volume (BV) was increased in irradiated groups through week 12, though to a greater 

magnitude in the RTx-PTH group than the VEH-RTx group. b Treatment effects on bone 

mineral content (BMC) paralleled BV responses. c Bone tissue mineral density (TMD) was 

transiently increased in the RTx-VEH group at weeks 4–8. Data are graphed as average ± 

standard deviation, with statistical significance indicated at t < 0.05 for RTx-VEH vs. Ctrl-

VEH or p < 0.05 for all other comparisons
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Fig. 5. 
Axial compression testing of distal femur. a Ultimate load was significantly increased in the 

PTH-treated groups. b Apparent strength was decreased at weeks 2, 8, and 12 in the RTx-

VEH group, and PTH treatment attenuated this change. c Work to ultimate load initially 

increased in the RTx-VEH group, then decreased at weeks 8–26. PTH treatment increased 

work to ultimate load. Data are graphed as average ± standard deviation, with statistical 

significance indicated at t < 0.05 for RTx-VEH vs. Ctrl-VEH or p < 0.05 for all other 

comparisons
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Fig. 6. 
Two comparisons were made using ANCOVA analyses with log time as a covariate, 

excluding the 26-week time point. The effects of radiation on bone (RTx-VEH vs. Ctrl-

VEH) are described in the left column for a mean cortical thickness, c metaphyseal 

trabecular BV/TV, e distal femur bone volume, and g apparent strength. The effects of PTH 

delivery on irradiated limbs (RTx-PTH vs. RTx-VEH) are described in the right column for 

b mean cortical thickness, d metaphyseal trabecular BV/TV, f distal femur bone volume, and 

h apparent strength. Data are presented as average ± standard deviation vs. Log time
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Table 1

Results of ANCOVA analyses, calculated using log time and data from the 0–12 week time points only. 

Radiation damage to bone was verified by making comparisons between the vehicle groups (Ctrl-VEH vs. 

RTx-VEH). PTH attenuation of radiation damage was assessed by making comparisons between irradiated 

groups (RTx-PTH vs. RTx-VEH). Data are reported as p values, with arrows indicating the effect of the 

independent variables on each outcome measure (↑ indicates an increase, ↑ denotes a decrease)

ANCOVAs RTx-VEH versus Ctrl-VEH RTx-PTH versus RTx-Ctrl

Log time RTx Log time × RTx Log time PTH Log time × PTH

Diaphyseal Cortex BV 0.6384 0.1453 0.1484 0.1622 <0.0001↑ 0.0136↑

TMD 0.1059 0.3550 0.2223 0.1892 0.7162 0.3522

BMC 0.4036 0.1216 0.1091 0.0915 <0.0001↑ 0.0112↑

Mean thickness 0.0606 0.1788 0.0085↓ 0.0207↑ <0.0001↑ 0.0017↑

CSA 0.0975 0.2902 0.1539 0.0102↑ <0.0001↑ 0.0202↑

Metaphyseal Trabecular BV/TV <0.0001↓ 0.4958 <0.0001↓ <0.0001 <0.0001↑ 0.6251

Tb.N <0.0001↓ 0.0007↓ 0.0033↓ <0.0001 <0.0001↑ 0.7415

Tb.Th <0.0001↓ <0.0001↑ 0.0829 0.6932 <0.0001↑ 0.1926

Tb.Sp <0.0001↑ 0.0002↑ 0.0015↑ <0.0001 0.0002↓ 0.2183

TMD <0.0001↑ 0.0001↑ 0.3727 <0.0001↑ 0.2719 0.6556

Conn.D <0.0001↓ 0.3731 <0.0001↓ <0.0001↓ <0.0001↑ 0.2876

SMI <0.0001↑ <0.0001↑ <0.0001↑ <0.0001↑ <0.0001↓ 0.0337↓

DA 0.1023 <0.0001↓ 0.0006↓ 0.0090↓ 0.0132↑ 0.3944

Distal 5 mm BV 0.0030↓ <0.0001↑ 0.3640 0.5934 <0.0001↑ 0.0065↑

TMD <0.0001↑ 0.0716 0.0032↑ <0.0001↑ 0.0279↓ 0.4786

BMC 0.2376 <0.0001↑ 0.2179 0.0021↑ <0.0001↑ 0.0025↑

Axial Compression Ultimate load <0.0001↓ 0.9637 0.0123↓ <0.0001↑ <0.0001↑ 0.6334

Work <0.0001↓ 0.8309 <0.0001↓ <0.0001↓ <0.0001↑ 0.5203

Stiffness 0.0024↑ 0.1006 0.0004↑ <0.0001↑ 0.8066 0.7059

Apparent strength <0.0001↓ 0.0135↑ 0.0021↑ <0.0001↓ <0.0001↑ 0.2456
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