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Abstract
Radiation therapy is a common treatment regimen for cancer patients. However, its adverse effects
on the neighboring bone could lead to fractures with a great impact on quality of life. The
underlying mechanism is still elusive and there is no preventive or curative solution for this bone
loss. Parathyroid hormone (PTH) is a current therapy for osteoporosis that has potent anabolic
effects on bone. In this study, we found that focal radiation from frequent scans of the right tibiae
in 1-month-old rats by micro-computed tomography severely decreased trabecular bone mass and
deteriorated bone structure. Interestingly, PTH daily injections remarkably improved trabecular
bone in the radiated tibiae with increases in trabecular number, thickness, connectivity, structure
model index and stiffness, and a decrease in trabecular separation. Histomorphometric analysis
revealed that radiation mainly decreased the number of osteoblasts and impaired their
mineralization activity but had little effects on osteoclasts. PTH reversed these adverse effects and
greatly increased bone formation to a similar level in both radiated and non-radiated bones.
Furthermore, PTH protects bone marrow mesenchymal stem cells from radiation-induced damage,
including a decrease in number and an increase in adipogenic differentiation. While radiation
generated the same amount of free radicals in the bone marrow of vehicle-treated and PTH-treated
animals, the percentage of apoptotic bone marrow cells was significantly attenuated in the PTH
group. Taken together, our data demonstrate a radioprotective effect of PTH on bone structure and
bone marrow and shed new light on a possible clinical application of anabolic treatment in
radiotherapy.

© 2012 Elsevier Inc. All rights reserved.
#Correspondence: Ling Qin, Ph.D., 424D Stemmler Hall, 36th Street and Hamilton Walk, Philadelphia, PA 19104. Tel: 215-8986697;
Fax: 215-5732133; qinling@mail.med.upenn.edu.
^Present address: Department of Orthopaedic Surgery, Wuhan General Hospital of Guangzhou Military Command, Hubei Province,
People’s Republic of China
*Present address: Department of Physiology, School of Basic Medical Sciences, Wuhan University, Hubei Province, People’s
Republic of China

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Disclosures: all authors state that they have no conflicts of interests.

NIH Public Access
Author Manuscript
Bone. Author manuscript; available in PMC 2014 August 01.

Published in final edited form as:
Bone. 2013 August ; 55(2): 449–457. doi:10.1016/j.bone.2013.02.023.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Keywords
radiation therapy; µCT; PTH; trabecular bone; osteoblasts

Introduction
Ionizing radiation therapy, also known as radiotherapy, is used in the treatment of patients
with malignant tumors due to its ability to induce cancer cell cytotoxicity. Approximately
two-thirds of patients with solid malignancies (i.e. breast, prostate, cervical, lung, head and
neck cancers, and soft tissue sarcoma) receive radiotherapy as a part of their treatment
course. While current technologies allow unprecedented precision in radiotherapy delivery
that spares most normal tissues, it is inevitable that some normal tissues will receive a
significant radiation dose during treatment. Bone is one of the most commonly irradiated
normal tissues and irradiation of bone can lead to multiple morbidities including fracture and
loss of marrow function. While the rates of fracture depend on the radiation dose and the
specific bone involved, increased fracture risk is a significant side effect of radiotherapy,
especially in patients with thoracic and pelvic malignancies. For example, radiation-
associated rib fracture rates in breast cancer patients range from 1.8% to 19% [1, 2]. A
retrospective analysis of more than 6,000 post-menopausal women receiving radiotherapy
for cervical, rectal, and anal cancers revealed as much as a 3-fold increase in hip fractures
after radiation [3]. A study of 45,662 prostate cancer patients found that external beam
radiotherapy significantly increases the risk of hip fractures by 76% [4]. Many cancer
patients receiving radiotherapy are elderly and already at greatest risk of osteoporotic
fractures and pelvic fractures are a major source of morbidity and mortality in this
population [5–7]. Radiation-related fractures of hip and other pelvic bones, such as the
sacrum, are associated with high morbidity and significant mortality since these fractures
have very high rates of delayed union and nonunion. Surgical treatment with internal
fixation and conventional bone grafting has only limited success [8]. To date, there is no
preventive or curative treatment for radiation-induced bone damage. Because radiotherapy
greatly improves survivorship rate and overall quality of life of cancer patients, it is thus
imperative to investigate the mechanisms of radiation on the skeletal system and to identify
a treatment to reverse its damage to bone.

The detrimental effects of radiation on the skeletal system have also been demonstrated in
rodent models. Recent studies [9–12] demonstrated that radiation on mice resulted in a
marked decrease in trabecular bone volume fraction starting from 2 weeks and persisted
over 2–3 months post-irradiation. Bone histomorphometry and serum chemistry analyses
suggested that decreased osteoblast activity and increased osteoclast activity are the most
likely causes of this bone loss [9, 12]. In addition, radiation exposure leads to reduced
marrow cellularity [13] and a rapid collapse of bone marrow cells, including hematopoietic
stem cells (HSCs) and hematopoietic subpopulations [9]. Interestingly, an abscopal (distant)
effect of bone loss in long bones was observed in mice receiving abdominal irradiation [14].
However, in contrast to the localized radiation used in the clinic for most cancer patients, all
of these studies exposed either the entire or a large portion of animal body to the radiation.
Therefore, their conclusions cannot exclude the possible systemic effects of radiation, which
are evident from the altered body and organ (thymus and spleen) weights observed in these
reports [9, 13, 14].

Parathyroid hormone (PTH) is a major endocrine regulator of calcium and phosphorus
homeostasis and current interests in PTH focus on its potent anabolic action on bone.
Recombinant human PTH(1–34), marketed as Forteo, was approved by the FDA in 2002 for
the treatment of osteoporosis in postmenopausal women and men who are at a high risk for
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fracture. Intermittent PTH injections greatly stimulate bone turnover, namely bone
formation and resorption, with a greater effect on formation than resorption, leading to a net
bone gain [15]. PTH exerts most of its effects on trabecular bone with dramatic increases in
bone volume, connectivity and plate-like microarchitecture [16, 17]. Multiple mechanisms,
including activating bone lining cells, stimulating osteoblast differentiation, preventing
osteoblast apoptosis, and enhancing bone resorption, have been proposed to mediate this
anabolic effect [18, 19]. In the past, we showed that PTH, acting through its receptor PTH1R
in osteoblasts, profoundly regulates gene expression profiles in osteoblastic cultures [20]
and rat trabecular bone [21]. These PTH-regulated genes (growth factors, signal transducers,
structural molecules, transcription factors, transporters, and enzymes etc) have broad
functions, implying that PTH influences many biological processes in osteoblasts and their
bone marrow environment.

In this study, we attempt to determine whether PTH could be used in radiotherapy to protect
bone from radiation-induced bone damage. We first set up a focal radiation animal model
using high-resolution micro-computed tomography (µCT). We found that, while frequent
µCT scans of the tibial trabecular region of young rats caused severe bone loss and bone
structural deterioration specifically within the scanned area, daily injections of PTH for the
duration of scanning not only prevented the µCT radiation-induced bone loss but greatly
improved the bone microachitecture. Three-dimensional analyses of µCT images, bone
histomorphometry, and analyzing bone marrow cells were performed to understand the
underlying mechanisms.

Material and Methods
Rat study design

All animal studies performed in this report were reviewed and approved by the Institutional
Animal Care and Use Committee (IACUC) at the University of Pennsylvania. One-month-
old male Sprague Dawley rats (Charles River, Wilmington, MA) were given food and water
ad libitum. Rats were divided into the following three groups with similar body weight at the
outset of the study. Groups A and B (n=8/group) received vehicle and human recombinant
PTH(1–34, 80 µg/kg/day, Bachem, Switzerland), respectively, daily from day 0 to 11. Both
groups received µCT scans on the right tibiae every other day from day 0 to 10. On day 12,
both left and right tibiae were scanned. Right tibiae were considered as radiated and left
tibiae as non-radiated. They were injected subcutaneously with 15 mg/kg calcein (Sigma
Aldrich, St. Louis, MO) at day 3 and 10 for dynamic histomorphometric measurements.
Group C (n=6), serving as non-radiated controls, received isoflurane anesthesia (4%
induction and 1.5% maintenance) with right tibiae stabilized in a customized holder for 20
min (the approximate µCT scanning time) once every other day from day 0 to 10 and saline
(vehicle) injection daily from day 0 to 11. On day 12, both left and right tibiae were scanned
by µCT. Animals were euthanized on day 12 after the last µCT scan and tissues, such as
tibiae, blood, thymus, and spleen, were harvested for analysis.

In vivo micro-computed tomography
Each rat was anesthetized by isoflurane (4% induction and 1.5% maintenance) and its right
or left tibia was secured by a customized holder to ensure minimal motion effect before the
rat was inserted into the scanning chamber of an in vivo µCT system (VivaCT 40, Scanco
Medical AG, Switzerland). A scout view of the entire tibia was first performed to measure
the length of the tibia from the upper extremity to the lower extremity. Then the proximal
end of the tibia, corresponding to a 0–4.4 mm region below the lowest point of growth plate,
was scanned at 10.5 µm isotropic voxel size to acquire a total of 417 slides. All images were
first smoothed by a Gaussian filter (sigma=1.2, support=2.0) and then thresholded
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corresponding to 27% (trabecular bone) and 36% (cortical bone) of the maximum available
range of image grayscale values. The images of the secondary spongiosa regions 2.5–4.0
mm and 3.1–3.6 mm below the lowest point of growth plate were contoured for trabecular
and cortical bones, respectively. Trabecular volumetric bone mineral density (vBMD), bone
volume fraction (BV/TV), trabecular thickness (Tb.Th*), trabecular separation (Tb.Sp*),
trabecular number (Tb.N*), structure model index (SMI), connectivity density (Conn.D),
cortical BMD, periosteal perimeter (Ps.Pm), endocortical perimeter (Ec.Pm), cortical area
(Ct.Ar), cortical bone thickness (Ct.Th), and moment of inertia (MOI) were calculated by
3D standard microstructural analysis [22].

Based on thresholded whole bone images, microstructural finite element (µFE) models were
generated by converting each bone voxel to an 8-node brick element. Bone tissue was
modeled as an isotropic, linear elastic material with a Young’s modulus of 15 GPa and a
Poisson’s ratio of 0.3. A uniaxial compression was applied along the axial direction of the
model and the model was subjected to a linear elastic analysis to determine bone stiffness.

Static and dynamic histomorphometry
Both left and right tibiae from groups A and B were dissected and processed for
methylmethacrylate embedding. Five µm longitudinal sections were cut using a Polycut-S
motorized microtome (Reichert, Heidelberg, Germany) and stained with Goldner’s
trichrome stain. Unstained 8 µm sections were used for dynamic measurements. All
histomorphometric measurements were performed in an area 2.0–5.2 mm below the growth
plate using Bioquant Osteo Software (Bioquant Image Analysis, Nashville, TN). The
primary indices include the total tissue area (TV), trabecular bone perimeter (BS), trabecular
bone area (BV), osteoblast surface (Ob.S), osteoblast number (Ob.N), osteoclast surface
(Oc.S), single- and double-labeled surface, and interlabel width. The percentage of
osteoblast surface (Ob.S/BS), osteoblast number (Ob.N/BS), osteoclast surface (Oc.S/BS),
and mineralizing surface (MS/BS), mineral apposition rate (MAR, µm/day), and surface-
referent bone formation rate (BFR/BS, µm3/µm2/day) were calculated as described by Parfitt
et al. [23].

Serum chemistry
Blood was collected from cardiac puncture at the time of euthanization and left at room
temperature for at least 30 min before centrifuging at 200×g for 10 min to separate sera.
Serum Osteocalcin and TRAPCP 5b level were determined by Rat Osteocalcin EIA Kit
(Biomedical Technologies, Stoughton, MA) and RatTRAP™ Assay (Immunodiagnostic
Systems, Scottsdale, AZ), respectively.

Colony-forming unit-fibroblast (CFU-F) and multilineage differentiation assays of bone
marrow mesenchymal stem cells (MSCs)

Rats received (n=3/group) daily vehicle or PTH injections and the right tibiae were scanned
by µCT as described above on day 0, 2 and 4. On day 5, the region of right tibiae
corresponding to the scanned region (0–4 mm below the growth plate) and the contralateral
region in left tibiae were dissected out and cut into small pieces, followed by thorough
washing with αMEM. To quantify the number of MSCs, bone marrow mononuclear cells
were seeded at 3×106/T25 flask in αMEM supplemented with 15% fetal bovine serum
(FBS), 1% glutamine, 0.1% β-mercaptoethanol, 100 IU/ml penicillin and 100 µg/ml
streptomycin for CFU-F assay. On day 7, the flasks were stained with 3% crystal violet in
methanol and the number of CFU-F colonies, which contain more than 20 cells, were
counted microscopically.
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To study the osteogenic and adipogenic differentiation abilities of MSCs, bone marrow
mononuclear cells were seeded at 1×106/well in 6-well plate and cultured for 1 week. Next,
confluent cells were cultured in osteogenic medium (αMEM with 10% FBS, 10 nM
dexamethasone, 10 mM β-glycerophosphate, and 50 µg/ml ascorbic acid) for 21 days
followed by von Kossa staining. The plates were then scanned and quantified by ImageJ
software. Alternatively, cells were cultured in adipogenic medium (αMEM with 10% FBS,
0.5 mM isobuthylmethylxanthine, 10 mM indomethacin, 1 µM dexamethasone, and 10 µg/
ml insulin) for 10 days followed by Oil Red O staining. After thorough wash, the stain was
dissolved in 100% isopropanol and its absorbance was measured at 500 nm.

Measurement of lipid oxidation and dead cells in bone marrow
Rats (n=3/group) received daily vehicle or PTH injections and the right tibiae were scanned
by µCT as described above every other day from day 0 to 12. On day 13, 4×106 bone
marrow mononuclear cells flushed from left and right tibiae of both groups were depleted of
red blood cells, re-suspended in medium and washed with PBS. Cells were then processed to
measure the amounts of malonedialdehyde (MDA), a byproduct of lipid peroxidation, using
a thiobarbituric acid reactive substances (TBARS) assay kit (Cayman Chemicals, Ann
Arbor, MI) according to the manufacturer’s instructions. To calculate the percentage of cell
death, 1×106 bone marrow cells were washed with PBS, stained with ethidium bromide (5
µg/ml) and acridine orange (5 µg/ml), then plated on a slide and visualized under a
fluorescence microscope (Nikon Eclipse TE2000U, Nikon Instruments, Melville, NY). Cells
with green color were counted as live cells and those with orange color as late apoptotic and
necrotic cells [24]. For each sample, we analyzed bone marrow cells within at least 5 fields
with a minimum of 500 cells per field.

Statistical Analysis
Data are expressed as means ± standard error (SEM). Longitudinal studies were analyzed by
One-way ANOVA with repeated measures and nonparametric Friedman test followed by
Dunns post test. Other studies were analyzed by paired and two-tailed nonparametric
Wilcoxon matched-pairs signed rank test for comparison of radiated and non-radiated tibiae
and by unpaired and two-tailed nonparametric Mann-Whitney test for comparison of vehicle
and PTH-treated samples using Prism 5 software (GraphPad Software, San Diego, CA). The
value p<0.05 was considered statistically significant.

Results
Radiation from multiple µCT scans has adverse effects on bone architecture

According to scanner specifications provided by the manufacturer, the radiation generated
by the µCT instrument on the radiated area was 0.48 Gy per scan under the scan condition
described in Material and Methods. The contralateral non-radiated legs received a negligible
level of radiation during the scan. In a standard pelvic radiotherapy case, the dose to tumor
is on the order of 60–72 Gy. The mean dose to the femoral heads is typically 20–30 Gy in
0.5–0.75 Gy per fraction for a total of 30–40 fractions. Thus, the radiation dose per fraction
generated from µCT is in a clinically relevant range but the total dose is much lower than a
typical pelvic radiotherapy patient receives.

We performed longitudinal µCT scans every other day from day 0 to day 12 on the proximal
trabecular bone region of right tibiae of vehicle-treated rats (group A). As shown in Fig. 1A,
compared to day 0, radiation from µCT scans led to reductions in vBMD (16%) and BV/TV
(23%) starting at day 4 with more significant decreases at day 6 (26% in vBMD and 37% in
BV/TV). After day 6, bone mass seemed to be stabilized and was not affected by further
radiation. Analyzing structural parameters revealed that this bone loss is due to a similar
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pattern of decreases in Conn.D and Tb.N* and an increase in Tb.Sp*. In addition, radiation
resulted in a slight but significant increase in Tb.Th* (7.5% at day 10 and 11.3% at day 12)
compared to day 0. By closely examining the 3D reconstructed trabecular bone images of
radiated bone, we noticed that radiation preferentially destroyed the bone structure within
the center of trabecular bone (Fig. 1B). Since the central trabeculae are thinner than those
close to the cortical bone, the loss of central trabeculae could lead to an increase in Tb.Th*
but this does not likely represent a true expansion of individual trabeculae. Furthermore, a
significant increase in SMI starting at day 6 suggests that radiation impairs the structural
integrity of trabecular bone (Fig. 1A).

Radiation is well known to have detrimental effects on the growth plate by suppressing its
longitudinal growth [25]. Since µCT scanned the area just below the growth plate, we reason
that the dramatic bone loss observed in the radiated area is not due to the damage on the
growth plate. Indeed, the average length of radiated tibiae at day 12 (29.71±0.23 mm) was
comparable to that of non-radiated contralateral tibiae (29.35±0.24 mm). The endochondral
growth rate during the radiation period was calculated to be 0.420±0.002 mm/day which is
consistent with a previous report [26].

Comparing the µCT data of the left tibiae between groups A and C at day 12 demonstrated
that multiple µCT scans of right legs had no effect on the trabecular bone structure in left
legs (Table 1), implying that focal radiation has only localized but not distal bone effects.
Furthermore, within group C, we did not detect any significant difference in bone structural
parameters between left and right tibiae (Table 1), suggesting that in the following
experiments the non-radiated left tibiae can be used as proper controls for the radiated right
tibiae.

Previous reports showed that high doses (20–50 Gy) of radiation to the entire hind limbs of
rodents increases cortical BMD [11] but decreases the mechanical strength of cortical bone
[11, 27, 28] and makes them prone to fractures [29]. We analyzed the cortical bone within
the scanned area in group A and found no significant changes in BMD and cortical structural
parameters (supplementary figure 1), which is likely due to the low dosage of radiation by
µCT.

PTH treatment prevents the deterioration of trabecular bone microarchitecture caused by
radiation from multiple µCT scans

In striking contrast to the bone structural damage in the radiated right tibiae of vehicle-
treated rats, PTH-treated rats showed a dramatic improvement of bone microarchitecture in
the radiated trabecular region (Fig. 2). vBMD was increased 27% (day 4), 30% (day 6), 45%
(day 8), 61% (day 10), 81% (day 12) at a steady rate relative to baseline at day 0. Likewise,
BV/TV was increased 61%, 69%, 102%, 134%, and 182% at day 4, 6, 8, 10, and 12,
respectively. This enhanced bone mass was closely correlated to the continuously increased
Conn.D (60%, 34%, 68%, 85%, and 137%), Tb.N* (20%, 17%, 36%, 39%, and 55%) and
Tb.Th* (13%, 23%, 28%, 35%, and 43%) and reduced Tb.Sp* (17%, 16%, 29%, 30%, and
38%) during this period. SMI scores reached significant reduction at day 8 (13%),10 (20%)
and 12 (28%).

On day 12, radiation from multiple µCT scans of right tibiae resulted in a great reduction of
trabecular bone mass and deterioration of bone structure compared to the left tibiae (Fig.
3A). Compared to vehicle injections, 12 days of PTH injections showed dramatic anabolic
actions on the non-radiated tibiae, which are consistent with previous reports [21, 30]. In a
similar trend, PTH injections remarkably increased the vBMD (2.9-fold), BV/TV (4.7-fold),
Conn.D (8.3-fold), Tb.N* (2.7-fold), and Tb.Th* (1.3-fold), and decreased Tb.Sp* (2.9-fold)
and SMI (1.5-fold) in the radiated region compared to vehicle injections. This
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radioprotective effect of PTH is so strong that there was no significant difference in bone
structural parameters observed between the radiated and non-radiated tibiae in the same
PTH-treated rats. Interestingly, a truncated PTH peptide (3–34), which binds to PTH1R and
activates PLC/PKC pathway [31], did not rescue the radiation-induced bone loss
(supplementary figure 2), suggesting a specific role of PTH1R/PKA pathway in the
radioprotective effect of PTH(1–34). At the cortical site, PTH treatment significantly
augmented cortical area and increased bone resistance to bending (MOI) in both radiated
and non-radiated tibiae but had little effects on other cortical bone parameters
(supplementary figure 1).

PTH prevents the loss of mechanical competence of whole bone segment by radiation
Whole bone stiffness measured by µFE analysis reflects the integrated mechanical
competence of both cortical and trabecular compartments. Vehicle-treated non-radiated
tibiae tended to have greater stiffness than the radiated tibiae (p=0.069, Fig. 3B). By
contrast, PTH-treated non-radiated tibiae had similar stiffness as radiated tibiae (p=0.940).
Indeed, PTH caused a significant increase in whole bone stiffness in both tibiae over 12
days. At day 12, PTH-treated radiated tibia had 71% greater stiffness than vehicle-treated
radiated tibia, suggesting a significant anabolic effect in both cortical and trabecular bone
compartments.

PTH rescues the radiation-induced damage on osteoblasts and MSCs
To understand the underlying mechanisms by which radiation induces bone loss and PTH
rescues it, we performed bone histomorphometry on both tibiae harvested from vehicle- and
PTH-treated rats at day 12. µCT-generated X-ray radiation did not change the overall
marrow morphology, likely due to a low dosage (Fig. 4A). However, this radiation dosage
was able to greatly suppress osteoblast number (Ob.N/BS) and osteoblast surface (Ob.S/BS)
by 47% and 52%, respectively, but did not significantly affect osteoclast surface (Oc.S/BS)
(Fig. 4B). In the dynamic analysis, we did not observe any calcein double-labeled surface in
vehicle-treated radiated tibiae (Fig. 4C), resulting in no measurement value for mineral
apposition rate (MAR) and bone formation rate (BFR). Moreover, mineral surface (MS/BS)
was greatly reduced in the radiated bone (Fig. 4D). These data demonstrate that radiation
strongly suppresses osteoblast differentiation and mineralization. Daily PTH injections
completely reversed this adverse effect on osteoblasts. In the radiated bones, PTH
dramatically increased Ob.N/BS (3.0-fold), Ob.S/BS (4.4-fold), MS/BS (2.1-fold), MAR,
and BFR compared to vehicle (Fig. 4B, C, D). PTH is a potent stimulus for bone turnover.
Hence, we observed that PTH increased Oc.S/BS in both tibiae about 1.6-fold compared to
vehicle. It is worthwhile to note that PTH injections have similar potent effects on bone cells
in radiated and non-radiated tibiae, which explain the almost identical bone structural
parameters in these tibiae measured by µCT analyses. The effects of PTH on bone formation
and resorption were further confirmed by elevated serum osteocalcin and TRAP levels (Fig.
4E).

Bone marrow MSCs are progenitors for osteoblasts, and bone formation in young rats
requires a constant supply of osteoblasts. To elucidate the mechanism by which radiation
and PTH affect osteoblast formation, we performed colony forming unit fibroblastic (CFU-
F) assay to measure the number of MSCs within bone marrow. As shown in Fig. 5A,
radiation greatly reduced the CFU-F colony number by 75% in the vehicle group but PTH
treatment completely abrogated this effect, suggesting that PTH protects MSCs from
radiation-induced damage. We further tested the multilineage differentiation abilities of
these bone marrow MSCs in vitro. While both radiation and PTH had no effect on the
osteogenic differentiation of these progenitors (Fig. 5B), MSCs derived from vehicle-treated
radiated bones displayed more adipogenic differentiation as shown by Oil Red O staining
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than non-radiated bones and PTH treatment was able to attenuate this radiation effect (Fig.
5C). Taken together, these data clearly indicate that PTH prevents radiation-induced
damages and altered lineage commitment of MSCs in the bone marrow.

PTH reversed radiation-induced bone marrow cell death
Radiation causes cell death by damaging DNA and increasing free radicals, such as reactive
oxygen species (ROS) [32–34]. Using a TBARS assay that measures the consequences of
lipid peroxidation and MDA specifically, we found that multiple µCT scans increased the
levels of free radicals in bone marrow from both vehicle and PTH-treated tibiae (Fig. 6A).
However, an ethidium bromide/acridine orange staining of bone marrow cells detecting late
apoptotic and necrotic cells revealed that increased free radicals resulted in augmented cell
death in radiated tibiae but PTH injections were able to reduce this increase of dead cells
(Fig. 6B).

Discussion
Radiation is known to cause complications in skeletal tissue and adversely affect the quality
of life in cancer survivors [35]. Since radiotherapy greatly improves survivorship rate of
cancer patients, it is imperative to determine how radiation affects the skeletal system and to
identify a treatment to reverse its damage to bone and marrow. In the present study, we
demonstrate that localized radiation generated from multiple microCT scans, which mimic
the clinical fractionized radiotherapy, rapidly destroyed bone microarchitecture in young
growing rats, but PTH daily injection, an anabolic treatment for osteoporosis, was able to
reverse this radiation-induced bone loss. In bone, PTH1R is the only receptor for PTH and
expressed in the osteoblast lineage cells, with more abundance in osteoblasts [36, 37] and
osteocytes [38] than in MSCs [39]. PTH regulates the expression of many genes with a
variety of functions via PTH1R. During radiation, PTH could bind to PTH1R in osteoblasts
and MSCs and directly protect them from radiation-induced bone damage. Alternatively,
PTH could regulate the secretion or release of certain factors from osteoblasts, osteocytes, or
bone matrix and indirectly affect the survival of bone marrow cells and MSCs. More studies
are required to elucidate the underlying mechanisms.

Our bone histomorphometric analyses revealed that repetitive low doses of radiation
generated from µCT scans mainly suppress bone formation but have little effect on bone
resorption. In bone, osteoblast lineage cells are sensitive to radiation. In vitro experiments
using osteoblastic cell lines found that radiation inhibits osteoblast growth by arresting cell
cycle progression, altering their differentiation ability, and sensitizing these cells toward
apoptotic reagents [40–43]. Moreover, radiation destroys the osteoprogenitors, including
bone marrow MSCs [44], resulting in a long-term bone loss. This radiation-induced
inhibitory effect on bone formation is more prominent in the young rats used in our
experiments because their trabecular bone is constantly formed through endochondral
ossification derived from the growth plate. Interestingly, PTH functions in multiple
pathways to increase osteoblast number and stimulate their activity. In our experiments, we
demonstrated that PTH not only prevents the radiation’s detrimental effects on osteoblast
lineage cells but its anabolic actions on bone formation are not affected by radiation. A
recent report also supports this notion that total body irradiation at a sub-lethal level on
newborn mice indeed augmented the increase of bone mass induced by PTH [13]. However,
in their experiments, radiation did not induce bone loss.

Previous studies presented contradictory results about the effects of radiation on osteoclasts.
Some reports with total body radiation protocols revealed increased osteoclast number and
surface at the early stage after radiation treatment [9, 10, 45] and further studies
demonstrated that risedronate, an anti-resorptive drugs for osteoporosis, is able to prevent
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this radiation-induced bone loss in mice [12]. However, several studies using localized
radiation protocols suggested that radiation dramatically decreased the number of osteoclasts
in bone [44, 46]. Many variables in the protocol design, such as radiation source, dosage,
and time, could explain this discrepancy. One plausible reason is that total body radiation
has greater systemic effects on animals, and therefore has indirect effects on osteoclast
action in bone. In our study, µCT-generated localized radiation did not change total body
and organ (spleen and thymus) weights (data not shown) or affect bone resorption. PTH
strongly stimulates bone resorption, which is a prerequisite for bone formation during the
bone remodeling process [47], regardless of radiation status. The primary event of radiation
damage to bone is atrophy associated with hypocellularity and hypovascularity [48, 49]. In
order to revitalize the bone tissue, we reason that anabolic drugs, such as PTH, that stimulate
bone turnover to repair damaged bone matrix, are more appropriate treatments for
preventing fractures in the bone surrounding the irradiated area compared to anti-resorptive
drugs.

One concern for adding PTH to the radiotherapy is that radiation is a known etiologic factor
for osteosarcoma [50] and that PTH treatment might further enhance the risk of
osteosarcoma. Osteosarcoma is a relatively rare tumor malignancy, accounting for less than
0.2% of all cancers diagnosed annually in the US, and occurs most commonly in adolescents
and young adults during growth [51]. Preclinical studies found that a significant percentage
of Fisher 344 rats treated with PTH for 2 years developed osteosarcoma [52]. A subsequent
dose and duration study indicated that, while a low dose (5 µg/kg/day, 3.4 times of human
equivalent dose suggested by FDA) appeared to be safe, a high dose of PTH (30 µg/kg/day)
for 20–24 months (70–80% of rat lifespan) resulted in osteosarcoma in 20% of rats [53].
These data eventually led to the limitation of PTH treatment to 2 years (2–3% of human
lifespan) and a mandatory FDA black-box warning that “Teriparatide should not be
prescribed for patients with an increased baseline risk for osteosarcoma”. However, there are
only two possible cases of osteosarcoma amongst half a million osteoporosis patients treated
with PTH [54], suggesting that this risk might be theoretical and negligible in humans.
Indeed a 7 year US cancer surveillance study found that all patients diagnosed with adult
primary osteosarcoma had no prior PTH treatment [55], thus further strengthening the
hypothesis that incidences of osteosarcoma in rats may not correlate with humans.
Furthermore, patients with primary or secondary hyperparathyroidism do not have increased
risks of bone neoplasia [56, 57].

As an anabolic agent, PTH carries another concern for cancer patients that it might promote
tumor growth. PTH(1–34) shares its receptor PTH1R with PTHrP(1–34). Since it is a 139 to
173-aa polyhormone with distinct biological functions within different regions [58], PTHrP
might act on cancer cells independent of PTH1R [59]. Furthermore, while PTH daily
injection executes anabolic actions on bone, continuous infusion of PTH, a mode similar to
PTHrP expression in cancers, has an opposite effect with significant bone loss [60]. To date,
multiple large-scale clinical trials and subsequent clinical use of teriparatide showed no
evidence of increasing risks of any cancer in patients [61]. Interestingly, cancer in patients
with primary hyperparathyroidism has lower mortality rates than controls [62].

There are limitations associated with this study. First, in this study we used a growing rat
model, which does not mimic most of adult cancer patients receiving radiotherapy. Further
studies to establish a clinically relevant focal radiation induced-bone loss model in skeletally
mature rats and test whether PTH rescues this bone loss is required and these studies are
currently underway in our laboratory. Second, ionizing radiation by µCT does not allow
incremental dose scaling and is not a standard approach to study radiation-induced tissue
damage. While its dose per fraction is in a clinically relevant range, the total radiation
dosage is lower than that of a research irradiator and common radiotherapy. However,
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during the irradiation procedure by µCT, high-resolution structural images of the rat skeleton
can be obtained. Indeed, the in vivo imaging by µCT is one of the strengths of the current
study. To our knowledge, this is the first study in which longitudinal changes in trabecular
bone microarchitecture induced by radiation as well as its treatment are monitored. Such
study design not only reduces animal number, but also minimizes the inter-subject variation
and improves the detection of subtle bone changes. Our studies also point out that multiple
in vivo scans on the same area might have adverse impacts on bone and that sufficient
intervals between scans should be carefully determined to avoid such unintended effects
while designing animal studies.

In summary, our study demonstrates that administration of PTH, a current drug for
osteoporosis, strongly protects the bone microarchitecture from radiation-induced damage.
In our focal radiation model, suppressed bone formation, due to decreased numbers and
activities in MSCs and mature osteoblasts, is the major contributing factor for radiation-
induced bone loss. PTH, a great stimulus for bone formation, can completely reverse these
adverse effects. Though not clinically proven, the theoretical osteosarcoma and
tumorigenicity concerns represent the largest hurdle of translating our findings into a clinical
application. These concerns can only be addressed with future extensive pre-clinical and
clinical studies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Focal radiation of the right tibiae in young rats by micro-CT severely decreases
trabecular bone mass and deteriorates bone structure.

• PTH daily injections remarkably improve trabecular bone structure and strength
in both radiated and non-radiated tibiae.

• Radiation damages osteoblasts and their progenitors and PTH is able to reverse
these adverse effects.

• PTH protects bone marrow cells from radiation-induced cell death.

• Our data demonstrate a radioprotective effect of PTH on bone structure and
bone marrow.
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Figure 1.
Radiation from multiple µCT scans damages trabecular bone architecture in young rats.
(A) Longitudinal µCT measurement of bone structural parameters in the proximal trabecular
area of right tibiae from vehicle-treated rats. a; p<0.05; b: p<0.01; c: p<0.001 vs day 0.
(B) Representative µCT images of the proximal trabecular bone of the same right (radiated)
tibia of a vehicle-treated rat on day 0, 2, 4, 6, 8, 10, and 12 and the corresponding region of
the left (non-radiated) tibia on day 12.
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Figure 2.
PTH injections greatly improve the trabecular bone architecture regardless of radiation from
multiple µCT scans.
(A) Longitudinal µCT measurement of bone structural parameters in the proximal trabecular
area of right tibiae from rats injected with PTH daily. a; p<0.05; b: p<0.01; c: p<0.001 vs
day 0.
(B) Representative µCT images of the proximal trabecular bone of the same right tibia of a
PTH-treated rat on day 0, 2, 4, 6, 8, 10, and 12 and the corresponding region of the left tibia
on day 12.
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Figure 3.
PTH reverses radiation-induced bone loss and damage.
(A) µCT measurement of bone structural parameters in the proximal trabecular area of both
left (non-radiated, NR) and right (radiated, R) tibiae from either vehicle- or PTH-treated rats
at day 12.
(B) Whole bone stiffness measured by µFE analysis at day 0 and 12.
a: p<0.05; b: p<0.01 R vs NR; $: p<0.01; &: p<0.001 PTH vs veh; ^: p=0.069 vs veh NR at
day 12.
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Figure 4.
PTH injections prevent radiation-induced damage on osteoblasts.
(A) Goldner’s trichrome staining of trabecular bone sections from left and right tibiae of
vehicle- and PTH-treated rats.
(B) Static bone histomorphometry analysis of proximal trabecular area of both left (NR) and
right (R) tibiae from either vehicle- or PTH-treated rats at day 12.
(C) Representative calcein double labeling in the trabecular bone from left and right tibiae of
vehicle- and PTH-treated rats.
(D) Dynamic bone histomorphometry analysis of proximal trabecular area of both left (NR)
and right (R) tibiae from either vehicle- or PTH-treated rats at day 12.
(E) ELISA analyses of serum concentrations of bone formation (osteocalcin) and resorption
(TRAP) markers after 12 days of PTH injections.
a: p<0.05; b: p<0.01; c: p<0.001 R vs NR; *: p<0.05; $: p<0.01; &: p<0.001 PTH vs veh.
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Figure 5.
PTH injections prevent radiation-induced damage on MSCs.
(A) CFU-F assays of bone marrow cells harvested from the radiated and contralateral
regions in vehicle- and PTH-treated rats.
(B,C) Osteogenic (B) and adipogenic (C) differentiation assays of bone marrow MSCs
derived from the radiated and contralateral regions in vehicle- and PTH-treated rats. The
quantification of staining was shown on the right panel.
b: p<0.01; c: p<0.001 R vs NR.
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Figure 6.
PTH does not prevent radiation-induced ROS formation but abrogates radiation-induced cell
death in bone marrow.
Bone marrow cells collected from radiated and non-radiated tibiae of rats treated with either
vehicle or PTH were processed for measuring MDA amount (A) and ethidium bromide/
acridine orange staining to quantify dead cells (B). a: p<0.05; b: p<0.01 R vs NR.
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Table 1

Trabecular bone parameters of proximal left tibiae in vehicle-treated (group A) and proximal left and right
tibiae in control (group C) rats measured by µCT.

Group A Group C

Left tibiae Left tibiae Right tibiae

vBMD (mgHA/cm3) 143.2±8.5 147.2±11.4 130.3±11.4

BV/TV (%) 9.20±0.72 9.82±1.19 8.63±1.16

Conn.D (1/mm3) 46.76±5.82 60.74±12.72 43.25±9.97

Tb.N* (1/mm) 3.45±0.13 3.79±0.33 3.41±0.30

Tb.Sp* (mm) 0.290±0.010 0.273±0.026 0.298±0.031

Tb.Th* (mm) 0.049±0.001 0.047±0.001 0.047±0.001

SMI 2.57±0.05 2.56±0.08 2.59±0.09
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