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Abstract

As part of our ongoing efforts to understand underlying mechanisms contributing to radiation-
associated bone fragility and to identify possible treatments, we evaluated the longitudinal effects
of parathyroid hormone (PTH) treatment on bone quality in a murine model of limited field
irradiation. We hypothesized PTH would mitigate radiation-induced changes in the chemical
composition and structure of bone, as measured by microscope-based Raman spectroscopy. We
further hypothesized that collagen crosslinking would be especially responsive to PTH treatment.
Raman spectroscopy was performed on retrieved tibiae (6-7/group/time point) to quantify metrics
associated with bone quality, including: mineral-to-matrix ratio, carbonate-to-phosphate ratio,
mineral crystallinity, collagen crosslink (trivalent:divalent) ratio, and the mineral and matrix
depolarization ratios. Irradiation disrupted the molecular structure and orientation of bone
collagen, as evidenced by a higher collagen crosslink ratio and lower matrix depolarization ratio
(vs. non-irradiated control bones), persisting until 12 weeks post-irradiation. Radiation transiently
affected the mineral phase, as evidenced by increased mineral crystallinity and mineral-to-matrix
ratio at 4 weeks compared to controls. Radiation decreased bone mineral depolarization ratios
through 12 weeks, indicating increased mineral alignment. PTH treatment partially attenuated
radiation-induced increases in collagen crosslink ratio, but did not restore collagen or mineral
alignment. These post-radiation matrix changes are consistent with our previous studies of
radiation damage to bone, and suggest that the initial radiation damage to bone matrix has
extensive effects on the quality of tissue deposited thereafter. In addition to maintaining bone
quality, preventing initial radiation damage to the bone matrix (i.e. crosslink ratio, matrix
orientation) may be critical to preventing late-onset fragility fractures.
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1. INTRODUCTION

While radiotherapy increases survival for patients with cancer, it can also lead to devastating
pathologies resulting from radiation damage to adjacent healthy tissues. Among these
adverse sequelae, post-radiation fragility fractures are prevalent in specific anatomic
locations, such as the pelvis following urologic or gynecologic cancer treatment, and the
femur after treatment for soft tissue sarcoma [1]. These may lead to devastating
complications including amputation when fractures occur in the extremities [2-4]. Although
the pathologic fractures caused by irradiation remain a significant health concern [5], poor
understanding of underlying pathophysiology prevents progress in developing strategies for
prevention or treatment. Our previous biomechanical analysis indicated that irradiated bone
is characterized by altered material properties, including matrix embrittlement, suggesting
post-radiation bone fragility may result from abnormalities in the chemical composition and
structure of bone matrix [6]. These abnormalities, including pathological shifts in collagen
crosslink ratio, altered mineral crystallinity and collagen fibril orientation, are detectable by
Raman spectroscopy [7-9].

As a major regulator of Ca2* and phosphate metabolism, PTH has demonstrated significant
effects on the development of skeletal tissue [10]. Intermittent administration of PTH
produces a net anabolic effect, enhancing bone formation and turnover in clinical and animal
model applications. This results in increased bone mass, structural strength, stiffness, and
energy absorption [10-13]. Intermittent administration of recombinant PTH(1-34) to
irradiated animals has shown that PTH(1-34) can enhance bone regeneration, prevent bone
loss and preserve bone architecture by improving osteoblast and osteocyte survival upon
irradiation [14-16]. These findings present a new option for prevention or treatment of post-
radiation fractures. In this study, we use Raman spectroscopy to study attenuation of post-
radiation damage by administration of PTH(1-34) in a mouse model of limited field
(unilateral hindlimb) irradiation. Our hindlimb irradiation model has well characterized
histologic, mechanical, cellular, and structural alterations in bone [6, 17-20].

As demonstrated previously, Raman spectroscopy provides both chemical and structural
information on bone mineral and matrix, such as bone mineral crystallinity, carbonate
content, amount of mineral relative to matrix, relative quantities of divalent and trivalent
collagen crosslinks, and the orientation of mineral crystallite and collagen fibrils [7, 21]. The
information can be obtained by measuring a series of bone Raman metrics, including
mineral-to-matrix ratio, mineral crystallinity, carbonate-to-phosphate ratio, collagen
crosslink (maturity) ratio and depolarization ratios of mineral and matrix. Altered values of
Raman-derived metrics reflect changes to bone material properties, which are related to bone
mechanical competence [21]. We hypothesize that the anabolic effects of PTH would
prevent radiotherapy-associated loss of bone quality in an irradiated mouse tibia model. We
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also hypothesized that new bone formation resulting from PTH treatment, without radiation
treatment, would be observable by Raman spectroscopy.

2. MATERIALS AND METHODS

2.1 Specimens for Raman spectroscopy

The SUNY Upstate Institutional Animal Care and Use Committee approved all animal
studies. Female BALB/cJ mice aged 12 weeks (Jackson Labs, Bar Harbor, ME) underwent
fractionated unilateral hindlimb irradiation delivered as four consecutive daily doses of 5 Gy
each (4x5 Gy) using an orthovoltage X-ray unit (300 kV, 10 mA, Philips RT-250, Philips,
Andover, MA). A lead shield (4 mm thickness) was positioned to shield the rest of the body
and contralateral hindlimb. From the first day of radiation the mice received daily
subcutaneous injections of either PTH(1-34) (40 pg/kg, Sigma-Aldrich, St. Louis, MO) in
vehicle (Meh), saline with 0.1% bovine serum albumin (BSA), or the same volume of vehicle
for eight weeks (5 days/week, ending at week seven post-RTx). Non-irradiated left tibiae (0
Gy) served as control specimens. This yielded four treatment groups: 1) the control group
(\Veh-Ctrl) received no PTH or radiation treatment; 2) the PTH-only group (PTH-Ctrl)
received only PTH treatment; 3) the radiation treatment-only group (Veh-RTx); and 4)
combined PTH radiation treatment group (PTH-RTX). Mice were euthanized at 0, 1, 2, 4, 8,
12, and 26 weeks post-irradiation (n = 6—7 per group at each time point) with the 0 week
time point occurring on the day following the final radiation fraction. Both right and left
tibiae were harvested. After removing soft tissue, the tibiae were wrapped in saline-soaked
gauze and frozen at —80 °C for storage at SUNY Upstate Medical University and then
shipped overnight on dry ice to the University of Michigan for Raman analysis.

2.2 Raman Spectroscopy and Data Processing

A custom-built Raman microscope has been described in detail previously [7]. Briefly, a 785
nm diode laser (Innovative Photonics Solutions, Monmouth Junction, NJ) was used to
deliver approximately 50 mW of line-focused radiation to the specimen through an epi-
illumination microscope (E600, Nikon, Melville Station, NY) fitted with a 20x/0.75NA
objective (Nikon, S Fluor series). Raman scatter was collected and focused into a
spectrograph (HoloSpec 1.8, Kaiser Optical Systems, Inc., Ann Arbor, MI). Raman scatter
was detected with a back-thinned deep depletion CCD (Newton, Andor Technology, South
Windsor, CT). For polarization measurements a half-wave plate was inserted between the
laser and the microscope, and rotated to obtain vertically polarized or horizontally polarized
light, as needed. An analyzing polarizer and a wedge depolarizer were placed between the
microscope and the spectrograph entrance. The tibiae were oriented so that the plane of
vertical polarization was parallel to the long axis of the bone. Three lines of 250 Raman
spectra per line were collected over the periosteal surface along the proximal metaphysis of
each mouse tibia (Figure 1, inset, long axis of the bone parallel with focused laser line).
Specimen hydration during measurements was maintained with phosphate buffered saline
solution.

The collected Raman data was pre-processed with locally written MATLAB (The
Mathworks, Inc., Natick, MA) scripts for removal of cosmic spikes, correction of
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spectrograph/detector alignment, and grating-induced anamorphic magnification (curvature).
From the 250 Raman spectra, a single average spectrum was calculated. The average
spectrum was baseline corrected [22], normalized to the intense phosphate v4 band at 958
cm~L, and imported into GRAMS/A software (ThermoGalactic, Madison, WI) for band
deconvolution. The positions of bands and the number of bands to be fitted to partially
resolved envelopes were determined by the second derivative method. Using vendor-
supplied algorithms in GRAMS/ALI, the intensity, area, and width at half-maximum of
selected bands was measured. Overlapped bands were fitted to mixed Gaussian-Lorentzian
functions in GRAMS/ALI using a 50%/Gaussian/50% Lorentzian content fwhh as starting
points for the optimization, which provided the shapes, areas and full-widths at half-
maximum for the fitted bands.

Six commonly used bone Raman metrics were analyzed and compared, including the
mineral-to-matrix ratio, carbonate-to-phosphate ratio, collagen crosslink ratio, crystallinity,
mineral depolarization ratio, and matrix depolarization ratio. A representative Raman
spectrum of bone is shown in Figure 1. The most intense band at 958 cm™ is assigned to
phosphate v1 symmetric stretching, which was used as a measure of mineral content in the
mineral-to-matrix ratio. The inverse of band width at half-maximum of phosphate v; was
used as a measure of mineral crystallinity. The mineral carbonate v; symmetric stretch near
1070 cm~ was used to calculate carbonate content in the carbonate-to-phosphate ratio. All
ratios were calculated using band areas. The second derivative analysis yielded three bands
in the phosphate v region, five in the 1500-1700 cm™1 region, which includes the amide |
components at 1660 and 1683 cm™1 used for crosslink analysis, and five in the 1050-1100,
cm~1 region, which includes the carbonate band at 1070 cm~1. We note that there is a weak
matrix band near 1070 cm™1 that may underlie the 1070 cm™1 band. Because the intensity of
this band is less half the intensity of the phenylalanine band at 1001 cm~2, no attempt was
made to correct for it.

Mineral crystallinity and the carbonate-to-phosphate ratio are spectroscopic measures of
mineral crystallite size and perfection, where higher values (increased matrix order) are
associated with increased bone fragility (decreased elastic deformation) in rat models of
aging or osteoporosis [23], although the correlation in human tissues is less clear [24, 25].
The proline (855 cm™1) and hydroxyproline (875 cm™1) bands are specific to collagen and
were used to measure matrix content in the mineral-to-matrix ratio, a spectroscopic measure
of bone tissue mineralization. The ratio of components of the collagen amide | envelope
(1660/1683 cm™1, with the 1683 cm™1 shoulder of the amide | band representing immature,
divalent crosslinks [21]) was used to measure perturbation of collagen secondary structure
caused by changes in collagen crosslinks. Because amide | is an indirect measure of
crosslink components, it indicates deviation from normal bone matrix crosslink chemical
composition, but does not report presence of specific chemical components.

Both depolarization ratios of mineral (pgsg) and matrix (p1gg0) Were calculated from
polarized Raman spectra, as we have previously described [7]. Briefly, the polarized
spectrum was measured with perpendicular (L) and parallel (||) laser. The depolarization
ratio of the mineral band is defined as the ratio of the mineral band intensity with
perpendicular light Igsg( 1) to the mineral band intensity with parallel light lgsg(|). The
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depolarization ratio (p) of the matrix band is defined as the ratio of the matrix band intensity
with perpendicular light 11660( 1) to the mineral band intensity with parallel light 11660(|))-
Lower depolarization ratios indicate higher molecular alignment.

Results are reported as sample mean + standard deviation. Data were analyzed using two-
way analysis of variance (ANOVA) with PTH and RTx treatment as independent variables
and Tukey's post-hoc tests (TT) (JMP12, SAS, Cary, NC) to compare bone metrics between
groups at each time point post-irradiation. Tests for normality (Shapiro-Wilk) were
performed on each group. For cases that were not normally distributed, Wilcoxon non-
parametric tests were conducted. The collagen crosslinking and matrix depolarization ratio
at week 1 in the Veh-RTx group, and the carbonate-to-phosphate ratio at week 26 in the
VEH-Ctrl group were the only groups that were not normally distributed. In all tests, p <
0.05 was considered to be significant.

3. RESULTS

3.1 Radiation increases collagen crosslinking

Irradiated tibias demonstrated an increase in crosslink ratio over weeks 0 through 12 weeks
post-RTx (Figure 2A, p< 0.001 for ANOVA and Tukey's post-hoc test (TT), with p=0.003
at week 1 by Wilcoxon test). This suggests an abnormal shift towards trivalent collagen
crosslinking occurs immediately in response to radiotherapy. Carbonate-to-phosphate ratio
(Figure 2B) was significantly decreased by radiation at 2 and 4 weeks by ANOVA (p <
0.003), but did not differ significantly between Veh-Ctrl and Veh-RTx groups (by TT at all
time points, and Wilcoxon test at week 26). ANOVA found radiation to significantly
increase mineral-to-matrix ratio (Figure 3A) at weeks 2 and 4 (o < 0.006) and decrease this
ratio at 12 weeks (p = 0.002). Mineral-to-matrix ratio was transiently increased in Veh-RTx
tibias compared to Veh-Ctrl tibias at 4 weeks (p=0.039 by TT) and decreased at 12 weeks
post-RTx (p=0.029 by TT). Overall, radiation significantly increased mineral crystallinity
(Figure 3B) at weeks two and four (p < 0.004 by ANOVA, with p= 0.058 at week 8).
Mineral crystallinity differed significantly between the Veh-RTx and Veh-Ctrl groups only at
four weeks post-RTx (p=0.002 by TT), when the control (0 Gy) tibias demonstrated a
numerical decrease in mineral crystallinity compared to previous and subsequent time points
while irradiated tibias demonstrated little temporal variation in mineral crystallinity.

Polarized Raman spectroscopy demonstrated significantly increased (p < 0.018 by ANOVA)
molecular alignment (decreased depolarization ratio) of both mineral and matrix (Figure 4)
from weeks 0-12 post-RTx. The mineral depolarization ratio (Figure 4A) was decreased in
irradiated tibias vs. Veh-Ctrl through week 12 (p< 0.021 by TT), indicating increased
molecular alignment. Collagen alignment (Figure 4B) was similarly increased through week
12 due to RTx as indicated by a significantly decreased depolarization ratio (p < 0.002 by
ANOVA, and p<0.018 VEH-RTx vs. VEH-Ctrl by TT, with p= 0.005 at week 1 by
Wilcoxon test). These polarized Raman spectroscopy results are consistent with our previous
findings in the irradiated mouse tibia model [7].
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3.2 PTH decreases collagen crosslinking in irradiated bone

Delivery of PTH decreased collagen crosslink ratio in irradiated tibias (Figure 2A), but did
not restore this parameter to control levels. While radiation significantly increased collagen
crosslink ratio through week 12 (p < 0.001 by ANOVA), PTH decreased this parameter over
the same time period (p < 0.040, except for week 8, where p=0.093 by ANOVA). Collagen
crosslink ratio in PTH-RTX tibias was significantly decreased compared to Veh-RTx tibias
from weeks 0-4 (p< 0.001 by TT, and p=0.034 at week 1 by Wilcoxon test), but remained
significantly increased compared to Veh-Ctrl tibias from weeks 0-12 (p < 0.005 by TT).

PTH significantly increased the carbonate-to-phosphate ratio only at week 4 (Figure 2B, p<
0.001 by ANOVA), when this value was significantly increased in PTH-RTX tibias compared
to Veh-RTx (p=0.026 by TT). The carbonate-to-phosphate ratio of PTH-RTX tibias did not
significantly differ from the Veh-Ctrl group at any point. PTH significantly decreased
mineral-to-matrix ratio from weeks 1-8 (Figure 3A, p< 0.012 by ANOVA, with p=0.06 at
week 12). Using Tukey's post hoc test to compare groups, PTH decreased the mineral-to-
matrix ratio in irradiated tibias (PTH-RTx vs. Veh-RTx) at four weeks (p=0.009 by TT),
and at 12 weeks compared to Veh-Ctrl samples (p=0.004 by TT). Similarly, PTH
significantly decreasing mineral crystallinity from weeks 2-8 (Figure 3B, p < 0.046 by
ANOVA), with the PTH-RTXx tibias demonstrating significantly decreased mineral
crystallinity compared to Veh-RTx tibias at week 4 (p=0.003 by TT). These data suggest
that PTH supplementation can partially attenuate radiation-induced collagen crosslinking in
bone, and aside from transiently decreased mineralization, does not significantly alter
mineral quality of irradiated bone compared to nonirradiated control bone.

Analysis by polarized Raman spectroscopy demonstrated that PTH treatment was associated
with a significant decrease in mineral alignment (Figure 4A) at week 8 (p < 0.001 by
ANOVA). There was a radiation-induced increase in mineral alignment (decrease in mineral
depolarization ratio) in PTH-RTX tibias compared to Veh-Ctrl tibias at 0, 2, and 4 weeks
post-RTx (p< 0.02 by TT, with p=0.064 at week 1). While the irradiated tibias from both
the PTH and vehicle groups followed a similar pattern of increased mineral alignment post-
RTX, the mineral depolarization ratio recovered to Veh-Ctrl levels earlier in the PTH-RTx
tibias (by week 8) than the Veh-RTx tibias (by week 26). As determined by ANOVA, PTH
treatment did not significantly affect the matrix depolarization ratio (Figure 4B). Similar to
irradiated tibias in the vehicle group, matrix depolarization ratio was decreased in PTH-RTX
tibias compared to Veh-Ctrl samples at weeks 0, 1, 2, and 8 (p< 0.001 by TT, with p=0.068
at week 4), and was significantly increased compared to Veh-RTx tibias at week 8 (p=0.016
by TT, with p=0.064 at week 12). These data suggest that PTH treatment does not attenuate
radiation-associated increases in the molecular orientation of bone collagen and mineral.

3.3 PTH treatment has only transient effects on non-irradiated bone

Compared to the non-irradiated treatment groups (VEH-Ctrl), collagen crosslink ratio
(Figure 2A) was transiently decreased in the PTH-Ctrl tibias at weeks 1-4 (p < 0.007 by
TT). The carbonate-to-phosphate ratio (Figure 2B) was generally increased in the PTH-Ctrl
samples compared to Veh-Ctrl over the first four weeks of the study, but this was statistically
significant only at week 4 (p=0.026 by TT). PTH treatment significantly decreased the
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mineral-to-matrix ratio (Figure 3A) in non-irradiated bones at weeks 2-4 (p< 0.011 by TT,
with p=0.056 at week 8). Mineral crystallinity (Figure 3B) was transiently decreased in
PTH-Ctrl tibias compared to Veh-Ctrl at week 4 (p= 0.002 by TT). Neither mineral or
matrix depolarization ratios (Figure 4) differed between the PTH-Ctrl and \Veh-Ctrl groups
at any time point, indicating that PTH supplementation did not alter mineral or matrix
molecular alignment in non-irradiated bones.

4. DISCUSSION

Radiotherapy can have adverse effects on bone of cancer patients, including osteopenia,
pathologic fractures, and osteoradionecrosis. Our data and others suggest that the effects of
irradiation on biological, mechanical and compositional bone properties are non-linear
throughout a time course. While altered histologic (early increased, later decreased
osteoclastic activity) and structural (trabecular bone loss) properties of irradiated bone have
been described [6, 26-28], CT and DXA clinical scans are often normal and fail to predict
the complications of radiation [29, 30]. Raman spectroscopy has previously been used to
show that extremity-localized radiotherapy in a mouse model induces changes to both the
chemical composition and molecular alignment of mineral and collagen fibrils in bone [7],
including increased trivalent:divalent crosslink ratio and pathologic collagen crosslinking in
the form of advanced glycation products [31]. The preliminary animal model work
suggested that the damaged collagen scaffold (more trivalent crosslinks, overly aligned)
contributes to late pathologic fractures of irradiated bone by decreasing material quality. The
work presented here extends the previous findings by showing that PTH intervention can
partially attenuate radiation-induced increases in collagen crosslink ratio.

Developing strategies for prevention or treatment of post-radiation fractures presents a
particular challenge to clinicians. Previous work from our lab and others has shown that
administration of amifostine, a radioprotectant, prior to irradiation results in reduction in
free radical damage to growth plate function and in preservation of bone pre-irradiation
mineralization patterns in irradiated animal models [8, 17, 32-34]. Anabolic agents, such as
human recombinant PTH(1-34) peptide, have demonstrated capability to enhance bone
regeneration processes, maintain more functional and heterogeneous collagen orientation,
and increase bone mineral density via multiple processes. Furthermore, recent studies have
shown that PTH(1-34) improves osteoblast and osteocyte survival post-irradiation, and can
preserve trabecular bone quantity after radiotherapy [14, 15]. Using micro-computed
tomography and mechanical testing, our parallel study showed that PTH(1-34) protected
radiation-associated bone resorption, increased bone mass and maintained the mechanical
strength of irradiated mouse femur for the duration of drug delivery (Oest et al., Calcified
Tissue International 2016, accepted for publication). Similar results have also been observed
in an irradiated rat mandibular model of distraction osteogenesis with PTH therapy, where
PTH was shown to enhance bone regeneration, increase bone mineral density, increase bone
volume fraction, and improve rate of clinical union [16]. The effects of PTH on bone matrix
quality post-irradiation however, were previously not explored.

In this study we found that irradiation significantly increased the collagen crosslinking ratio
in mouse tibias. Previously, we have shown radiation therapy induces an early increase in
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formation of pathological crosslinks (advanced glycation end products, or AGEs) [31]. Data
shown here suggest that radiation induces an increase in the trivalent:divalent collagen
crosslink ratio. Collectively, these data suggest that bone matrix becomes overly crosslinked
or mature, and is insufficiently remodeled post-RTx. Further investigation will be required to
identify the quantity and persistence of enzymatic (divalent, trivalent) and pathological
(AGEs) collagen crosslinks are also affected by radiation. Two possible scenarios could
produce these results. First, irradiation could affect labile, immature collagen crosslinks
more readily than mature crosslinks, resulting in a bone matrix disproportionately biased
towards mature crosslinks. A second possible scenario is that radiation induces early
accumulation of AGEs, followed by deposition of new bone over the abnormal glycated
matrix, followed by accumulation of excessive trivalent crosslinks in this new bone over
time due to decreased bone remodeling. AGE accumulation in irradiated bone may account
for increased embrittlement or impaired toughness in irradiated bone, and it is possible that
we are observing compositional and molecular orientation effects of AGE accumulation in
bone [31]. Raman spectroscopy provides an indirect measure of collagen crosslink ratios,
and future studies will incorporate mass spectrometry or fluorescence measures to test these
hypotheses.

The increased crosslink ratio was accompanied by an increase in the molecular orientation
of the collagen, as measured by the matrix depolarization ratio. The hyper-orientation of
collagen fibrils post-radiotherapy may result in part from decreased bone remodeling at later
time points following irradiation. We have previously established that the early post-RTx
increase in osteoclastic bone resorption is followed by long-term depletion of local
osteoclasts (weeks 4-26) [27]. Additionally, accumulation of AGEs has been known to
inhibit osteoclast multinucleation and resorption activity [35, 36] and render the collagen
less susceptible to cathepsin K-mediated degradation [37]. This decrease in osteoclastic
activity via loss of osteoclasts or substrate-mediated inhibition of cellular function, allows
bone tissue to persist for longer than normal without remodeling, permitting collagen hyper-
mineralization and hyper-orientation.

Delivery of PTH decreased collagen crosslink ratio in irradiated tibias (compared to Veh-
RTx tibias), but did not restore the collagen crosslink ratio to control (Veh-Ctrl) levels. It is
possible that PTH supplementation partially attenuates the radiation-induced accumulation
of trivalent collagen crosslinks. Perhaps more likely, the rapid deposition of new matrix in
response to PTH delivered in an anabolic regimen may “dilute” the quantity of trivalent
crosslinks measured by Raman spectroscopy in irradiated bone with as immature, matrix
high in divalent crosslinks is rapidly deposited. Interestingly, the matrix depolarization ratio
did not generally differ between the Veh-RTx and PTH-RTx groups, suggesting that the new
matrix formed in response to anabolic PTH treatment remains hyper-oriented, as in the Veh-
RTx group. These findings may support our hypothesis that initial radiation-induced matrix
damage can have enduring effects on bone quality, as new matrix is deposited over damaged
scaffolding.

Concurrent with the increase in collagen alignment and crosslink ratio, we observed an
increase in mineral alignment (decreased mineral depolarization ratio) in irradiated tibias
from both the vehicle and PTH groups. Depolarization ratio has been used to characterize
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collagen fibril and mineral alignment in bone tissue [7], with a lower value representing
formation of more highly-ordered mineral crystallite and collagen fibril alignment. This
suggests that radiation damage to the collagen matrix could also impact mineral orientation
in the bone, although validation of this will require further investigation using additional
techniques (e.g. x-ray diffraction). While PTH treatment did not attenuate the increase in
mineral and matrix alignment, tibias in the PTH-RTx group did, however, recover both
mineral (8 weeks) and matrix depolarization (12 weeks) ratios to near-control (Veh-Ctrl)
levels more quickly than tibias in the Veh-RTx group (26 weeks).

Bone mineral and tissue mineralization parameters, including carbonate-to-phosphate ratio,
mineral-to-matrix ratio, and mineral crystallinity, were only transiently affected by
irradiation, generally between two and four weeks post-RTX. These data are consistent with
previous studies in irradiated bone [7]. PTH did not consistently alter these parameters in
irradiated tibias, aside from decreasing the mineral-to-matrix ratio at weeks 1-8 in the non-
irradiated tibias, a response that could be anticipated from increased anabolic activity in
response to PTH delivery.

PTH treatment did not have adverse effects on non-irradiated bones. The anabolic drug
therapy expectedly decreased the collagen crosslink ratio in PTH-Ctrl tibias compared to
Veh-Ctrl at weeks 1-4, likely due to the rapid deposition of immature matrix. Immature
matrix contains more divalent crosslinks (vs. trivalent crosslinks) than mature tissue.
Carbonate-to-phosphate ratio was numerically elevated in PTH-Ctrl tibias over the first four
weeks of the study, but this was statistically significant only at week four. These effects were
only observed during PTH therapy and did not persist after PTH therapy was discontinued.

The use of skeletally mature mice observed over an extended span of their adult lifecycle
(six months), introduces additional considerations worthy of further investigation. Age-
related changes to bone may complicate Raman data interpretation. For example, the
observed convergence of Raman metrics by 26 weeks post-irradiation may be a result of
aging. Moreover, the Raman data presented here suggest that bone quality in irradiated tibiae
appears to improve after 12 weeks, which does not necessarily replicate the clinical situation
of a chronic fracture risk that does not improve over time. These factors could be further
addressed through multiple site sampling in future studies.

In the data reported here, only the periosteal surfaces of the mouse tibiae were observed. As
such, chemical and structural information were not obtained for trabecular or endosteal
surfaces. The periosteal surface was chosen for evaluation because it is the most likely
surface to be probed via /n vivo Raman spectroscopy when used as a transcutaneous or
intraoperative screening tool to identify compromised tissue [38]. It is possible that PTH and
irradiation have more pronounced effects at anatomic locations prone to more rapid bone
turnover. Additional experiments to examine cross-sections of bone using Raman
spectroscopy are ongoing, and will allow us to obtain chemical information from multiple
sampling sites including periosteal and endosteal cortical surfaces and trabecular bone. We
expect future experiments to provide a deeper understanding of the effects of radiotherapy
and pharmacologic interventions on bone matrix quality.
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5. CONCLUSIONS

While PTH did not fully attenuate radiation-induced increases in bone collagen crosslink
ratio, the data presented here support several key observations regarding post-irradiation
bone damage. First, highly aligned mineral and collagen (decreased depolarization ratio) is
found in both vehicle and PTH-treated tibias post-irradiation. The persistence of this overly
aligned tissue in rapidly modeling (PTH-RTX) tibias illustrates how extensively initial
radiation damage to the bone matrix extensively impacts the quality of newly formed bone.
If the initial radiation-damaged matrix were less influential on the quality of matrix
deposited post-RTX, one might expect to see a significant decrease in molecular alignment
(increased depolarization ratio) with PTH treatment, as the newly deposited bone matrix
would mask the underlying radiation-damaged tissue. In itself, PTH had no adverse effects
on bone matrix quality, and in parallel studies has been found to improve bone quantity and
maintain trabecular architecture post-irradiation. Combined with the partial attenuation of
radiation-induced increases in collagen crosslink ratio, there is hope that PTH could be used
in combination with other agents, such as radioprotectants or bisphosphonates, to improve
the quality of irradiated bone. The long-term intent remains to improve the clinical outcome
for these patients by decreasing the risk of fracture through improved bone quality.
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Figure 1.

Representative Raman spectrum of cortical bone from a control tibia specimen. The bone
Raman spectrum contains bands corresponding to the carbonated apatite bone mineral and
collagen matrix. For this study, Raman spectra were collected from the proximal tibia of the
mouse, shown in the inset.
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(A) Crosslink ratio, as measured by Raman spectroscopy, increased in response to
irradiation, suggesting pathological accumulation of trivalent collagen crosslinks. PTH
treatment decreased collagen crosslink ratio, likely due to increased deposition of new,
immature tissue containing mostly divalent crosslinks. (B) Carbonate-to-phosphate ratio was

affected only transiently by either treatment. Data are presented as mean + standard
deviation, with ANOVA presented in tables underneath each graph. Tukey's post-hoc
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pairwise comparisons within each time point are identified as follows: * denotes p < 0.05 vs.
VEH-Ctrl; § denotes p < 0.05 vs. VEH-RTX.
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Figure 3.
(A) Mineral-to-matrix ratio was transiently increased by radiation at weeks 2 and 4, and

decreased by PTH treatment from weeks 1-8. (B) Mineral crystallinity was transiently
increased at weeks 2—4 by radiation, and decreased in response to PTH at weeks 2-8. Data
are presented as mean + standard deviation, with ANOVA presented in tables underneath
each graph. Tukey's post-hoc pairwise comparisons within each time point are identified as
follows: * denotes p < 0.05 vs. VEH-Ctrl; § denotes p < 0.05 vs. VEH-RTX.
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(A) Mineral depolarization ratio was significantly decreased by radiation, indicating
increased molecular orientation of the bone mineral at weeks 0-12. (B) Matrix
depolarization ratio was similarly affected, indicating increased molecular alignment of

collagen fibrils in response to radiation at weeks 0-12. Data are presented as mean +
standard deviation, with ANOVA presented in tables underneath each graph. Tukey's post-
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Figure 4.
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hoc pairwise comparisons within each time point are identified as follows: * denotes p <
0.05 vs. VEH-Ctrl; § denotes p< 0.05 vs. VEH-RTX.
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