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ABSTRACT

Radiation therapy leads to increased risk of late-onset fragility and bone fracture due to the loss of bone mass. On
the other hand, iron overloading causes osteoporosis by enhancing bone resorption. It has been shown that total
body irradiation increases iron level, but whether the systemic bone loss is related to the changes in iron level
and hepcidin regulation following bone irradiation remains unknown. To investigate the potential link between
them, we first created an animal model of radiation-induced systemic bone loss by targeting the mid-shaft femur
with a single 2 Gy dose of X-rays. We found that mid-shaft femur focal irradiation led to structural deterioration
in the distal region of the trabecular bone with increased osteoclasts surface and expressions of bone resorption
markers in both irradiated and contralateral femurs relative to non-irradiated controls. Following irradiation,
reduced hepcidin activity of the liver contributed to elevated iron levels in the serum and liver. By injecting
hepcidin or deferoxamine (an iron chelator) to reduce iron level, deterioration of trabecular bone micro-
architecture in irradiated mice was abrogated. The ability of iron chelation to inhibit radiation-induced osteo-
clast differentiation was observed in vitro as well. We further showed that ionizing radiation (IR) directly sti-
mulated osteoclast differentiation and bone resorption in bone marrow cells isolated not from contralateral
femurs but from directly irradiated femurs. These results suggest that increased iron levels after focal radiation is
at least one of the main reasons for systemic bone loss. Furthermore, bone loss in directly irradiated bones is not
only due to the elevated iron level, but also from increased osteoclast differentiation. In contrast, the bone loss in
the contralateral femurs is mainly due to the elevated iron level induced by IR alone. These novel findings
provide proof-of-principle evidence for the use of iron chelation or hepcidin as therapeutic treatments for IR-
induced osteoporosis.

Abbreviations: BMD, bone mineral density; BV/TV,

bone volume fraction; BS, bone surface; BFR/BS, bone formation rate/bone surface; CFU-F, CFU-fibroblast; CFU-

Ob, CFU-osteoblast; Car2, carbonic anhydrase II; CTSK, cathepsin K; DFO, deferoxamine mesylate; FPN1, ferroportin 1; FBS, fetal bovine serum; GAPDH, glycer-
aldehyde 3-phosphate dehydrogenase; HE, hematoxylin and eosin; Hepc, hepcidin-1; IR, ionizing radiation; pCT, micro-computed tomography; MAR, mineral
apposition rate; MS/BS, mineralizing surface/bone surface; MMP9, matrix metallopeptidase 9; M-CSF, macrophage colony-stimulating factor; MSCs, mesenchymal
stem cells; NFATc1, nuclear factor of activated T-cells, cytoplasmic 1; NF-kB, nuclear factor-kappa B; Ob.Pm/B.Pm, osteoblast perimeter/bone perimeter; Oc.Pm/
B.Pm, osteoclast perimeter/bone perimeter; OCPs, Osteoclast progenitors; PBS, phosphate buffer saline; RANKL, receptor activator for nuclear factor-k B ligand; SD,
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1. Introduction

Radiation therapy is a highly targeted and effective modality in the
clinical management of malignancies. Although significant improve-
ments have been made with precise treatment planning and delivery,
the area selected for irradiation usually includes the whole tumor plus
the immediate surrounding normal tissue resulting in delayed side ef-
fects. Irradiation of the bone frequently leads to bone loss and increased
risk of fractures [1], a condition commonly seen in patients with var-
ious cancers [2-5]. Furthermore, there is evidence of an abscopal effect
in bone loss following single limb irradiation in that bone loss occurs
not only at irradiated site, but at the contralateral, non-irradiated side
as well [6-9]. The underlying mechanism is not well understood yet.
Uncovering the mechanisms of both direct and indirect effects of ra-
diation on bone are of great importance for developing preventive and
curative treatment strategies.

Iron metabolism is closely related to bone homeostasis. Increased
iron level contributes to bone loss, characterized by enhanced bone
resorption and decreased bone formation. Osteoporosis frequently oc-
curs in patients with hemochromatosis, African hemosiderosis, tha-
lassemia or sickle cell disease that are associated with systemic iron
overload [10]. There is evidence that an increase in total body iron
storage is associated with high rate of bone loss in healthy post-
menopausal women and middle-aged men [11]. These data suggest that
enhanced iron storage could be an independent risk factor for ac-
celerated bone loss, even in healthy populations [11]. Hepcidin, se-
creted by liver, is a key hormone that regulates iron homeostasis in the
body. Hepcidin acts to lower iron in the blood by binding to and de-
grading the export protein ferroportin 1 (FPN1) [12]. Deficiency in
hepcidin causes iron overload, which in turn upregulates hepcidin ex-
pression in a feedback mechanism [13]. Recent studies demonstrate
that total body irradiation immediately increases serum iron in mice in
a dose-dependent manner, which could persist for three weeks or even
longer [14,15]. It is not clear whether increased iron storage occurs in
the body after focal bone irradiation and whether the process is
mediated by altered hepcidin expression. Furthermore, the question
whether increased serum iron contributes to the systemic bone loss
following radiation remains unanswered.

Since single limb irradiation could induce systemic bone loss and
radiation has been shown to increase iron storage, we posed the hy-
pothesis that increased iron storage induced by focal ionizing radiation
(IR) mediated the subsequent systemic bone loss. Earlier reports on
systemic bone loss utilized mostly large irradiated area covering the
whole or large regions of hind-limb [7-9], a scenario that cannot re-
capitulate focal radiotherapy. In this study, we used a Small Animal
Image Guided Irradiation System to precisely irradiate the mid-shaft of
left femur in male C57BL/6 mice with a single dose of 2 Gy. The ra-
diation was delivered in a circle collimated field with a diameter of
5mm. Therefore, focally irradiated areas included only the bone
marrow cavity and cortical bone of the mid-shaft and avoided the direct
damage to both the distal and proximal trabecular bone. In the present
study, we reported microarchitectural deterioration and activated os-
teoclast differentiation in irradiated and out of field, contralateral distal
femurs. The systemic bone loss was associated with an abscopal effect
on the liver resulting in elevated serum iron levels through down-reg-
ulation of hepcidin. Notably, IR directly stimulated local bone loss in
irradiated bone. We further demonstrated in an animal model that
lowering iron levels by injecting iron chelator, deferoxamine mesylate
(DFO), and hepcidin 1 offered protection against IR-induced either
systemic or local bone loss.

2. Material and methods
2.1. Animal study design

All animal studies described in this article were approved by the
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Animal Ethics and Welfare Committee at Soochow University. 4-week-
old male C57BL/6J mice were purchased from and raised in laboratory
animal center of Soochow University. The mice were fed with a stan-
dard pellet diet and distilled water ad libitum. Mice were group housed
under standard vivarium with a 12 h light-dark cycle, at a temperature
of 23 °C-25 °C and a relative humidity of 40 + 5%. After acclimation, a
Small Animal Image Guided Irradiation System (Precision X-Ray, North
Branford, CT, USA) were used to precisely irradiate the mid-shaft of left
femur at a single dose of 2 Gy on day 1. This system offers integrated
precision irradiation with cone beam CT guidance and treatment
planning systems with dose calculation tools based on Monte Carlo
methods. Radiation was delivered in a circle collimated field with a
diameter of 5mm at a rate of 0.23 Gy/s. Control mice were similarly
manipulated, and underwent cone beam CT scan. A single 2 Gy dose
was used in the present study to simulate clinical radiotherapy setting
consistent with previous studies on radiation-induced bone loss [7,16].

DFO (250 mg/kg; Sigma-Aldrich, St. Louis, MO, USA) and hepcidin-
1 (500 pg/kg; Bachem AG, Bubendorf, Switzerland) or an equivalent
volume of saline were injected intraperitoneally every other day. The
subcutaneous injections started 2 days before irradiation and continued
until the animals were sacrificed 28 days after radiation. The mice
without DFO or hepcidin-1 treatment were sacrificed one week and four
weeks after irradiation, respectively.

2.2. Micro-computed tomography (uCT) analysis

One and four weeks after radiation, femurs were harvested for uCT
analyses (Skycan-1174, Bruker, Kontich, Belgium). Trabecular bone
microarchitecture was evaluated in the distal metaphysis of the femur
in a region that began 0.5mm proximal to the growth plate and ex-
tended proximally 1 mm. Geometric trabecular analysis included bone
mineral density (BMD), bone volume fraction (BV/TV), bone surface
(BS), trabecular thickness (Tb.Th), trabecular separation (Th.Sp), and
trabecular number (Tb.N). These parameters were calculated in ac-
cordance with guidelines for use of pCT in rodents [17].

2.3. Dynamic histomorphometry

Mice were injected subcutaneously with calcein (35 mg/kg; Sigma-
Aldrich) 10days and 3days, respectively, before dissection. 28 days
after irradiation, femurs were harvested, fixed in 75% ethanol, and then
embedded with methyl methacrylate. Longitudinal sections were cut at
8 um thickness for dynamic measurements. Pictures were taken using a
fluorescence microscopy (Leica Microsystems GmbH, Wetzlar,
Germany). Image J software (National Institutes of Health, Bethesda,
MD; http://imagej.nih.gov/ij/) was used to measure and analyze the
following dynamic parameters: mineral apposition rate (MAR; pm/
day), mineralizing surface/bone surface (MS/BS; %), and bone forma-
tion rate/bone surface (BFR/BS; mm3/mm2/day).

2.4. Histology

Bilateral femurs were harvested 4 weeks after radiation for histo-
logical analysis. Briefly, the femurs were fixed in 4% paraformaldehyde
for 2days, decalcified in 10% EDTA for 21 days, and processed for
paraffin sections. The sections were stained with hematoxylin and eosin
(H&E), and with tartrate-resistant acid phosphatase (TRAP) stain. The
osteoblast perimeter (Ob.Pm/B.Pm) and osteoclast perimeter (Oc.Pm/
B.Pm) were quantified relative to the bone surface. The sections were
viewed on a light microscope (Leica Microsystems GmbH) and analyzed
by ImageJ software (National Institutes of Health).

2.5. CFU-F and CFU-Ob assays for bone marrow mesenchymal stem cells

Bilateral femurs were harvested one day after irradiation. Bone
marrow cells of medullary cavities were collected individually from
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irradiated and contralateral femurs. Cell number was determined using
a hemocytometer after removal of red blood cells. For CFU-fibroblast
(CFU-F) assays, 1 X 10° cells were seeded in 35 mm dish in a-Minimum
Essential Medium (a-MEM; Gibco, Grand Island, NY, USA) supple-
mented with 10% fetal bovine serum (FBS; Gibco), and 2mM
L-glutamine (Amresco, Solon, OH, USA). On day 14, cultures were fixed
by 70% ethyl alcohol and stained with 0.1% crystal violet. For CFU-
osteoblast (CFU-Ob) assays, the cells were cultured with 10 mM
B-glycerophosphate (Sigma-Aldrich) and 50 mg/mL ascorbic acid
(Sigma-Aldrich) for 21 days, and stained with Alizarin Red (Sigma-
Aldrich). The colony-forming efficiency was determined by the number
of colonies formed in a 35 mm dish.

2.6. Osteoclastogenesis assays

The effects of irradiation on osteoclast differentiation were ex-
amined with bone marrow cells isolated from irradiated and con-
tralateral femurs one day after irradiation. Bone marrow cells were
individually flushed from bilateral femurs, and cultured in a-MEM
supplemented with 10% FBS, and 2 mM 1-glutamine. For osteoclasto-
genesis assays, bone marrow cells were seeded at a density of
2 x 10* cells/cm? and incubated with 50 ng/mL macrophage colony-
stimulating factor (M-CSF; Pepro Tech, Rocky Hill, NJ, USA) and 50 ng/
mL receptor activator for nuclear factor-x B ligand (RANKL; Pepro
Tech) for 6 days, with exchange fresh medium containing M-CSF and
RANKL every other day. The mature osteoclasts were determined by
TRAP staining using a Leukocyte Acid Phosphatase kit (Sigma-Aldrich).
Multinucleated (> 3 nuclei) TRAP-positive cells were quantified by
Image J software (National Institutes of Health). For bone resorption
assay, bone marrow cells were seeded at a density of 2 x 10* cells/cm?>
on an Osteo Assay Plate (Corning, Tewksbury, MA, USA), and incubated
with M-CSF (50 ng/mL) and RANKL (50 ng/mL) for 2 weeks. The plate
was bleached by 0.5% sodium hypochlorite and resorbed pits were
visualized using a light microscope (Leica Microsystems GmbH).

Osteoclast progenitors (OCPs) were used for DFO treatment ex-
periments in vitro. Bone marrow cells were flushed from femurs, and
cultured in a-MEM supplemented with 10% FBS, 2mM t-glutamine,
and 10 ng/mL M-CSF (PeproTech). The non-adherent cells were trans-
ferred to a new dish the next day and cultured with M-CSF for 3 days to
obtain OCPs. OCPs induced from non-treated mice were seeded at a
density of 1 x 10%cells/cm? and cultured overnight. Then the OCPs
were treated with DFO (100 uM) for 6 h, and irradiated with 2 Gy using
225kV X-rays at a dose rate of 0.23 Gy/s (Precision X-Ray). After that,
the medium were supplemented with DFO (100 uM), M-CSF (50 ng/mL)
and RANKL (50ng/mL), and changed every other day for 6days.
Osteoclast formation and bone resorption potential were separately
evaluated using TRAP staining and bone resorption pit assay as de-
scribed above.

2.7. Measurement of iron parameters

Iron concentration was determined with a colorimetric assay kit
(Nanjing Jian cheng, Nanjing, China) for iron quantification. Ferritin
and hepcidin in serum were measured using a mouse serum ELISA kit
(Shanghai Meilian, Shanghai, China). To investigate the iron distribu-
tion in liver, deparaffinized sections were stained with Perls Prussian
blue kit (Solarbio, Beijing, China) and counterstained with eosin.

2.8. Western blot

Femurs and livers were harvested at various time points after ra-
diation for western blot assay. They were frozen in liquid nitrogen and
stored at —80 °C. The tissue proteins were extracted using a DNA/RNA/
Protein isolation kit (Omega Bio-tek, Norcross, GA, USA) according to
the manufacturer's protocol. Equal amounts of total protein were
loaded onto 10% SDS-PAGE gel. The proteins were transferred onto a
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nitrocellulose membrane, blocked in phosphate buffer saline (PBS)
containing 5% milk, and incubated with primary antibody against nu-
clear factor of activated T-cells, cytoplasmic 1 (NFATcl; Abcam,
Cambridge, MA, UK), nuclear factor-kappa B (NF-kB; Cell Signaling
Technology, Boston, MA, USA), transferrin receptor 1 (TfR1; Thermo
Fisher, Rockford, IL, USA), ferritin (Abcam), FPN1 (Thermo Fisher),
hepdidin-1 (Abcam), and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH; Cell Signaling Technology) overnight at 4°C, followed by
horseradish peroxides-linked secondary antibody (Beyotime) for 1h at
room temperature. GAPDH was used as an internal control.

2.9. Quantitative real-time PCR

Femurs were harvested four weeks after irradiation, frozen in liquid
nitrogen and stored at —80 °C. Total RNA was extracted by a DNA/
RNA/Protein isolation kit (Omega Bio-tek), reversely transcribed, and
processed for PCR reactions according to the manufacturer's protocol
(TaKaRa, Dalian, China). Quantitative real-time PCR was performed on
the ViiA 7 Real-Time PCR System (Applied Biosystems, Foster, CA,
USA). The amplification program was as follows: pre-denaturation at
95°C for 10 min, followed by 40cycles of 95°C for 10s, annealing
temperature for 20s and 72 °C for 20s. The data were normalized to
GAPDH and analyzed via the 2~ **“* method. The following primers
were used: carbonic anhydrase II (Car2), 5-CATTACTGTCAGCAGCGA
GCA-3’ and 5’-GACGCCAGTTGTCCACCATC-3’; cathepsin K (CTSK), 5-
CAGCAGAACGGAGGCATTGA-3" and 5-CCTTTGCCGTGGCGTTA
TAC-3’; matrix metallopeptidase 9 (MMP9), 5-GCCCTGGAACTCACAC
GACA-3’ and 5-TTGGAAACTCACACGCCAGAA-3’; GAPDH, 5-TGCAC
CACCAACTGCTTAG-3’ and 5-GGATGCAGGGATGATGTTC-3".

2.10. Statistical analysis

Data were expressed as means * standard deviation (SD) and were
analyzed by one-way ANOVA with Newman-Keuls, by paired Student's
t-test for comparison of irradiated and non-irradiated contralateral fe-
murs or by unpaired Student's t-test, as appropriate (GraphPad, La Jolla,
CA, USA). Differences with P < 0.05 were considered statistically
significant.

3. Results

3.1. Focal irradiation of the left femur caused deterioration of trabecular
bone in bilateral femurs

Local and systemic effects of focal radiation to the left femoral shaft
were determined by analysis of femur microarchitecture using uCT. The
irradiated field size was a circle with a diameter of only 5 mm, avoiding
direct damage to the distal femur. Irradiated femurs and contralateral
femurs were compared with those from non-irradiated controls.
According to previous research, bone loss occurs as early as one week
post irradiation [7,18-20]. Therefore, we chose one week as an early
time point. 7 days post-irradiation, CT imaging showed clear deterio-
rated trabecular microarchitecture in both irradiated and contralateral
femurs with a reduction in bone mineral density (BMD, 19% and 19%,
respectively, when compared with non-irradiated control), bone vo-
lume fraction (BV/TV, 17% and 18%, respectively), and trabecular
thickness (Tb.Th, 16% and 17%, respectively) accompanied by in-
creases in trabecular separation (Tb.Sp, 31% and 31%, respectively)
(Fig. 1A-G). After 28 days, the trabecular microarchitecture showed
further deterioration than what was observed on day 7 in both irra-
diated and contralateral femurs (Fig. 1A) with a marked decrease in
BMD (15% and 14%, respectively relative to controls), BV/TV (42%
and 36%, respectively), BS (38% and 35%, respectively), Tb.Th (17%
and 13%, respectively), and trabecular number (Tb.N, 30% and 26%,
respectively) accompanied by increases in Tb.Sp (62% and 50%, re-
spectively) (Fig. 1A-G). Furthermore, compared with non-irradiated
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Fig. 1. Effects of IR exposure to the midshaft of left femur on trabecular microarchitecture in irradiated and contralateral femurs 7 days and 28 days postirradiatin
relative to control mice, as assessed by uCT. (A) Representative three-dimensional images of trabecular bone in the distal femur. (B-G) uCT measurements for bone
mineral density (BMD), bone volume fraction (BV/TV), bone surface (BS), trabecular thickness (Tb.Th.), trabecular separation (Th.Sp.), and trabecular number
(Tb.N.). n = 7 femurs per group. Values were expressed as percentage changes relative to control. All data were presented as mean + SD. *P < 0.05 Control vs.

Irradiated or Contralateral. #P < 0.05 28 days vs. 7 days.

control femurs, the BS in bilateral femurs, and Tb.N in irradiated femurs
of irradiated mice on day 28 post-irradiation was significantly de-
creased relative to that on day 7 (Fig. 1D, G). Cortical bone micro-
architecture at the femoral midshaft assessed by pCT did not alter be-
tween groups (data not shown). Taken together, the contralateral group
exhibited deteriorated trabecular bone with time compared with the
non-irradiated control group, suggesting there is a systemic effect of
bone irradiation.

3.2. Focal irradiation of the left femur stimulated bone resorption in vivo

To understand how bone marrow irradiation induced bone damage,
we performed bone histomorphometry on bilateral femurs from irra-
diated and control mice on day 28. Consistent with previous reports of
increased osteoclasts following IR, exposure to 2 Gy X-rays induced a
significantly increase in osteoclast surface (OC.Pm/B.Pm) of both irra-
diated and contralateral femurs compared with non-radiated mice after
28 days (Fig. 2A). To further evaluate the mechanism behind the os-
teoclast activity, we extracted proteins and RNAs of the whole femurs,
and detected the expressions of genes associated with osteoclast dif-
ferentiation. Compared with non-irradiated control, nuclear factor of
activated T cells 1 (NFATc1) and nuclear factor-kB (NF-kB) were highly
expressed in both irradiated and contralateral femurs (Fig. 2B). Genes
engaged in bone resorption, including carbonic anhydrase II (Car2),
cathepsin K (CTSK), and matrix metalloproteinase 9 (MMP9), were
significantly upregulated in contralateral femurs (Fig. 2C).

To cross check previous reports of marrow adiposity after irradia-
tion [7,21], we examined H&E stained bone section and, to our sur-
prise, found little or no marrow adiposity in either the distal or mid-
shaft of irradiated femurs (Fig. 2D). In addition, there was no difference
in osteoblast surface (OB.Pm/B.Pm) as revealed by H&E sections
(Fig. 2E). Osteoblast activity was determined by dynamic histomor-
phometric analyses. Although focal irradiation damaged trabecular
microarchitecture, it did not affect mineral apposition rate (MAR; um/
day), mineralizing surface (MS/BS), and bone formation rate (BFR/BS;
mm?>/mm?/day) in either irradiated or contralateral femurs (Fig. 2F).

53

There was also no altered MAR in cortical bone among groups. Taken
together, these data suggest that bone resorption was stimulated in
vivo, and that increased bone resorption rather than decreased bone
formation is responsible for IR induced systemic bone loss.

3.3. Irradiation directly promoted osteoclast differentiation in vitro

The direct effects of IR on osteoclast differentiation were examined
with bone marrow cells isolated from irradiated and contralateral fe-
murs one day after irradiation. Osteoclast formation and bone resorp-
tion in bone marrow cells isolated from irradiated femur were markedly
stimulated, whereas there was no difference between contralateral and
control femurs (Fig. 3A, B). The effects of IR on bone marrow me-
senchymal stem cells (MSCs) were examined using CFU-F and CFU-Ob
assays with bone marrow cells isolated from irradiated and con-
tralateral femurs. Colony number of CFU-F and CFU-Ob in bilateral
femurs of irradiated mice did not alter compared with controls (Fig. 3C,
D). The results show that osteoclast differentiation can be stimulated
directly by radiation, which could be the main reason for bone loss in
directly irradiated femur.

3.4. Iron storage level was increased following focal bone irradiation

In view of the close correlation between iron and bone homeostasis,
we examined whether IR altered iron levels in the body. At 7 and
28 days post-radiation, serum iron concentration was significantly in-
creased compared with non-irradiated mice (Fig. 4A). Serum ferritin,
widely used in clinical practice as an indicator of iron storage status,
was also increased (Fig. 4B). The liver is an important iron storage
tissue of the organism. The iron content of the liver can reflect the iron
storage level of the body to a certain extent. Compared with control
mice, the iron content in the liver of irradiated mice was significantly
higher (P < 0.05, Fig. 4C). Iron distribution indicated by Perls Prussian
blue stain also showed that more irons was accumulated in the liver of
irradiated mice (Fig. 4D). To further explore the underlying mechanism
of iron accumulation in the liver, the expressions of several iron
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Fig. 2. Focal irradiation stimulates bone resorption and has no effects on bone formation. (A) Representative view of TRAP staining of distal femur trabecular bone
from of irradiated and non-irradiated (contralateral) bone relative to control 28 days postirradiation. Arrowheads indicate TRAP positive osteoclasts. Osteoclast
surface (OC.Pm/B.Pm) was quantified. n = 5 femurs/group. (B) Western blotanalysis of levels of NFATc1 and NFxB and (C) qPCR analysis of expressions of car2,
CTSK and MMP9 from whole femur lysate of irradiated and non-irradiated (contralateral) bone relative to control 28 days postirradiation. n = 5 femurs/group. (D)
Representative morphology of distal femur trabecula stained by HE staining at 28 days after irradiation. (E) Osteoblast surface (OB Pm/B-Pm) was quantified
according to HE staining pictures. n = 5 femurs/group. (F) Representative calcein double labeling in the midshaft cortical bone and distal femur trabecula. Dynamic
histomorphometric analysis quantifying mineral apposition rate (MAR; pum/day), mineralizing surface (MS/BS; %), and bone formation rate (BFR/BS; mm®/mm?/
day). n = 5 femurs/group. All data were presented as mean * SD. *P < 0.05 Control vs. Irradiated or Contralateral.

homeostasis proteins including TfR1 (involved in cellular iron import),
ferritin (iron storage protein), and FPN1 (ferroportin, an iron export
protein) were analyzed. Protein expression of TfR1 in the liver was not
altered 7 days after focal irradiation, but increased by 28 days post-ir-
radiation (Fig. 4E). Ferritin was upregulated on day 7 and 28. More-
over, FPN1 was reduced 28 days post-irradiation. Since focal irradiation
increased iron storage level and caused bone loss in the contralateral
femur, we next investigated whether focal irradiation had any effect on
femur iron level. We found that TfR1 was elevated in both irradiated
and contralateral femurs of irradiated mice compared with non-irra-
diated mice, indicating increased iron uptake (Fig. 4F). These results
suggest the systemic upregulation of iron uptake in irradiated mice for
both the liver and bilateral femurs. Increased iron level in the liver may
be associated with increased expression of TfR1 and reduced FPN1.
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3.5. Lowering iron level by DFO treatment blocked IR-induced trabecular
deterioration

Since our results indicated that iron storage level and osteoclast
activity were increased after focal irradiation, we hypothesized that an
increase in the serum iron level is responsible for the systemic bone loss
induced by IR. To test this hypothesis, mice were intraperitoneally in-
jected with deferoxamine mesylate (DFO, an iron chelator), and
changes in the distal trabecular bone of femurs in irradiated mice were
examined. Treatment with DFO injections for 4 weeks, beginning 2 days
before irradiation, blocked microarchitectural deterioration and in-
creased BMD in both irradiated and contralateral area of femurs
(Fig. 5A). In these animals, the trabecular microarchitectures were
maintained to the same level as in non-irradiated group with control
DFO treatment (Fig. 5B). In line with previous reports [22], we found
that DFO treatment alone did not affect bone microarchitecture in non-
irradiated, male mice when compared with vehicle-treated group
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(Fig. 5B). Furthermore, DFO treatment reversed the stimulative effects
of IR on iron storage. After DFO was injected every other day for four
weeks to irradiated animals, serum iron, serum ferritin, and ferritin
protein levels were down-regulated to the control level (Fig. 5C-E).
Since IR could directly promote osteoclast differentiation both in vivo
and in vitro, we next investigated whether DFO treatment had in-
hibitory effects on osteoclast differentiation exposed to IR in vitro. Si-
milar to our previous studies, radiation caused a remarkable increase in
osteoclast formation and bone resorption. DFO completely inhibited
osteoclast differentiation in both non-irradiated and irradiated cells
(Fig. 5F, G). Taken together, our data indicate that lowering iron level
by DFO treatment protected trabecular architecture of both irradiated
and contralateral femurs, which could be mediated by reduced osteo-
clast activity.

3.6. Hepcidin treatment blocked IR induced trabecular deterioration

Hepcidin, secreted by hepatocytes, is a key regulator of systemic
iron homeostasis, by negatively regulating the entry of iron into the
circulation [23]. We investigated whether hepcidin was altered due to
IR-induced high levels of iron. In vivo hepcidin levels were assessed in
both the liver and serum of irradiated mice and were found to be
downregulated (Fig. 6A, C). On the other hand, hepcidin injection
partially but significantly reduced the serum iron concentration to the
level as in control group (Fig. 6D). Furthermore, hepcidin-1 treatment
did not affect its own expression in the liver of both non-irradiated
(Control + Veh vs. Control +Hepc) and irradiated (Irradiated + Veh vs.
Irradiated + Hepc) mice (Fig. 6B). Similarly, FPN1 expression in non-
irradiated liver was also not affected by hepcidin-1 treatment (Control
+Veh vs. Control +Hepc). Although focal irradiation down-regulated
FPN1 expression, FPN1 expression was increased in Irradiated +Hepc
group compared with Irradiated + Veh group at 4 weeks after irradia-
tion (Fig. 6B). These results suggest that decreased hepcidin may be
partially responsible for the elevated iron level in both the serum and
liver of irradiated mice. To explore the potential of hepcidin-1 in
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alleviating radiation-induced bone loss, we investigated the protective
effects of hepcidin-1 on trabecular bone in our mouse focal radiation
model. 4weeks of hepcidin injections, beginning 2 days before irra-
diation, not only blocked microarchitecture deterioration but also
strikingly increased BMD and improved bone quality in bilateral femurs
of the irradiated mice to the same levels as in control mice (Fig. 6E).
Note that under the non-irradiated condition, hepcidin-1 did not in-
fluence trabecular microarchitecture (Control+Veh vs. Control
+Hepc). These data indicate that elevating hepcidin-1 is effective in
preventing radiation-induced bone loss by reducing iron levels.

4. Discussion

Among the various late effects of IR in the clinical management of
cancer are bone complications, which include pathological fractures,
inflammation and necrosis, growth delay and abnormal fracture healing
[1-5]. In the present study, we demonstrated that focal irradiation of
the bone resulted in an abscopal effect involving not only the bone but
also the liver. Iron storage in both the serum and liver was significantly
elevated after focal irradiation of the femur, and the lowering of iron
level by the use of iron chelator or hepcidin reversed IR induced bone
loss in irradiated and contralateral femurs. At relatively low dose of
radiation exposure (usually < 2 Gy), the major cause for bone damage
is the activation of bone resorption through osteoclast formation rather
than suppression of bone formation [16]. The above findings are
summarized in a model as shown in Fig. 7. These data provide the first
evidence that systemic bone loss induced by focal femur irradiation is
closely related with increased iron levels in the body, and that lowering
of iron levels is capable of protecting the integrity of the trabecular
bone after irradiation.

The bone remodeling balance between resorption by osteoclasts and
formation by osteoblasts is pivotal for maintaining bone homeostasis
[24]. IR can exert direct effects on both osteoclasts and osteoblasts in a
dose dependent manner [16]. At relatively low doses (< 2 Gy), there is
a marked decrease in trabecular bone mass as early as one week
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following exposure [7,19,25], due to elevated osteoclast activity
[26,27]. Osteoclasts are large multinucleated cells derived from the
myeloid lineage and are responsible for bone resorption [28]. As he-
matopoietic cells are extremely radiosensitive, there is evidence that
osteoclast differentiation from their progenitors can be significantly
induced at relatively low doses [7,26,27]. In the current study, we used
a clinically relevant dose of 2 Gy for mid-shaft femur focal irradiation,
and found elevated osteoclast activity in both irradiated and con-
tralateral femurs compared with non-irradiated controls in vivo. Bone
formation by osteoblasts was not affected after 2 Gy of irradiation both
in vivo and in vitro. Our data provide support for the use of bispho-
sphonate in preventing bone loss in radiotherapy patients [16,29,30].

Though systemic bone loss and elevated osteoclast activity were
observed in our irradiation model, the underlying mechanisms of os-
teoclast activation between irradiated femurs and contralateral femurs
were not known. In this study, bone marrow cells isolated one day post-
irradiation from the irradiated femur, but not from the contralateral
one, had a significant increase in osteoclast formation and bone re-
sorption. This suggests that the loss of trabecular bone in contralateral
femur is not due to the direct stimulation of IR on osteoclast differ-
entiation. On the other hand, we found elevated iron storage following
focal irradiation, which was partially mediated by decreased expression
of hepcidin in the liver. With bone marrow being the main site of iron
utilization for hemoglobin synthesis by red blood cells (RBCs) and
macrophages, primarily in the spleen, liver, and bone marrow, recycle
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iron by catabolizing senescent RBCs and export iron into bloodstream,
excess iron is primarily stored in the liver [23]. After focal irradiation,
we found that serum iron, serum ferritin, and liver iron were all ele-
vated, suggesting an increase in iron storage in the body. Meanwhile,
hepcidin expression was down-regulated in the liver. Hepcidin is a key
regulator of the entry of iron into the circulation in mammals. Hepcidin
inhibits iron transport by binding to the iron export channel FPN, which
is located on the basolateral surface of gut enterocytes and cell surface
of other cells. By inhibiting FPN, hepcidin prevents enterocytes from
allowing iron into our body, and promotes iron release in other cells
[23]. Therefore, if hepcidin was down-regulated, dietary iron absorp-
tion could be increased to some extent. The iron release from liver cells
was also reduced by FPN inhibition, resulting in high iron store in the
liver. From this point of view, dietary iron restriction is also beneficial
for irradiated mice. Considering the tight correlation between iron
overload and osteoclastogenesis, we used iron chelation treatment (e.g.
DFO) to reduce the iron level in the body. In this way, DFO was found to
protect against bone loss in both irradiated and contralateral femurs.
DFO has been reported to inhibit osteoclastogenesis [22]. Our results
further demonstrated that DFO treatment could completely inhibit os-
teoclast formation and bone resorption in vitro, whether the bone
marrow cells were irradiated or not. In summary, iron chelation pro-
tects against IR induced bone loss through inhibiting osteoclast differ-
entiation.

Cellular response to IR involves generation of endogenous reactive
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Fig. 5. DFO treatment reverses trabecular bone loss and microarchitectural deterioration caused by femur focal irradiation. (A) 3D reconstructed pCT images of
trabecular bone of distal femurs in irradiated and control mice treated with and without DFO injections for 28 days after focal irradiation. n = 7 femurs/group. (B)
UCT measurements for bone mineral density (BMD), bone volume fraction (BV/TV), bone surface (BS), trabecular thickness (Tb.Th.), trabecular separation (Th.Sp.),
and trabecular number (Tb.N.). (C) Serum iron and (D) serum ferritin was determined in mice 28 days after irradiation with or without DFO treatment. n = 7 femurs/
group. (E) Ferritin protein levels of mouse livers in mice 28 days after irradiation with or without DFO treatment. n = 6 femurs/group. (F) DFO inhibited radiation-
stimulated osteoclast differentiation in vitro. OCPs were pretreated with DFO for 6 h and then received 2 Gy of X-Ray exposure. After that, osteoclast differentiation
was induced by incubating with M-CSF and RANKL 6 days for osteoclast formation and 14 days for pits assay respectively. n = 3. Veh, vehicle; DFO, deferoxamine
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oxygen species (ROS), leading to biological effects [31]. Upon exposure
to relatively low-dose irradiation, IR can directly stimulate osteoclast
differentiation [16]. Accumulating evidence indicates that such in-
crease in endogenous ROS is associated with mitochondria change and
water radiolysis [31]. In the current study, DFO not only completely
inhibited osteoclast differentiation in non-irradiated cells but also in
irradiated cells. As an iron chelator, DFO can negatively affect mi-
tochondrial function through decreased activity of the iron-sulfur
cluster containing complexes I, II and III, leading to reduced ATP level
[32]. Osteoclasts is in a state of high-energy demand during its differ-
entiation [22]. Although IR induces amount of endogenous ROS, de-
creased energy production in mitochondria by DFO treatment inhibits
osteoclast differentiation ultimately.

Hepcidin serves as a major regulator of systemic iron homeostasis
and its overexpression alleviates iron overloading and vice versa [13].
Our study demonstrated a reduced hepcidin level in the liver after focal
irradiation along with a high level of iron storage in both the liver and
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serum. Similar to effects of the iron chelator DFO, hepcidin injection
reduced the serum iron concentration and protected against IR induced
bone loss in both contralateral and irradiated femurs. The radio-pro-
tective effects of hepcidin was not due to direct effects on bone cells as
hepcidin had been reported to promote osteoclast differentiation in
vitro [33], but on reducing iron levels [34]. Consistently, hepcidin in-
jection reduced iron levels in our focal irradiated mouse model. On the
other hand, cytokines including growth differentiation factor 15
(GDF15), and interferon (3 (IFNJ), known to down-regulate hepcidin
expression, have been shown to be highly elevated in immune cells
after radiation exposure [35-38]. It is possible that signals secreted by
irradiated bone marrow cells inhibit hepcidin expression in distant
unexposed liver. Taken together, focal irradiation not only has abscopal
effects on bone, but also on liver. Further studies are required to
identify the molecular mediators from bone tissue to regulate iron
homeostasis.

Iron overload is known to induce osteoporosis with enhanced
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Fig. 6. Hepcidin treatment reverses trabecular bone loss and microarchitectural deterioration caused by femur focal irradiation. (A) Hepatic hepcidin-1 protein levels
in irradiated and non-irradiated control mice at 7 days and 28 days after irradiation. n = 7 mice/group. (B) Hepatic protein levels of hepcidin-1 and FPN1 in mice
28 days after irradiation with or without hepcidin-1 treatment. n = 5 mice/group. (C) ELISA analysis of serum hepcidin concentrations of irradiated and non-
irradiated control mice. n = 7 mice/group. (D) Serum iron was determined in mice 28 days after irradiation with or without DFO treatment. n = 7 mice/group. (E)
Representative three-dimensional images of trabecular bone in the distal femur in irradiated and control mice treated with and without hepcidin-1 injections for
28 days after focal irradiation. n = 7 femurs/group. (F) pCT measurements for bone mineral density (BMD), bone volume fraction (BV/TV), bone surface (BS),
trabecular thickness (Tb.Th.), trabecular separation (Th.Sp.), and trabecular number (Tb.N.). Veh, vehicle; DFO, deferoxamine mesylate; Hepc, hepcidin-1.

#P < 0.05 Veh vs. DFO; *P < 0.05 Control vs. Irradiated or Contralateral.

osteoclastogenesis [10]. Our results showed that lowering iron levels in
the serum by iron chelator or hepcidin could reverse the systemic bone
loss induced by focal irradiation. This was likely a result of suppressed
osteoclast activity. During osteoclast differentiation, iron uptake is en-
hanced via upregulated TfR1 [22]. Iron chelation (e.g. DFO) has been
shown to improve bone quality by reducing osteoclast differentiation in
iron-overload, ovariectomy and hind-limb unloading osteoporosis
models [22,39,40]. In our study, TfR1 was highly expressed in both
irradiated and contralateral femurs compared with control non-irra-
diated mice, suggesting increased iron uptake. We also found that iron
chelation inhibited the direct stimulatory effects of IR on osteoclast
differentiation. These data suggest that iron uptake by osteoclasts may
be enhanced after IR, and iron is necessary for stimulatory effects of IR
on osteoclast differentiation. Therefore, the bone loss in the irradiated
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bone is not only due to the elevated iron level following IR, but also
from direct stimulatory effects of IR on osteoclast differentiation. Taken
together, an increased iron level after focal radiation is at least one of
the reasons for systemic bone loss outside the irradiation field.

There is evidence that iron chelator (e.g. DFO) has protective effects
on IR induced bone damage in a rat model of distraction osteogenesis
and in fracture healing after radiotherapy [41-43]. In addition to its
inhibitory effects on osteoclastogenesis, DFO can augment vascularity
and promote osteoblast differentiation via nuclear factor erythroid 2-
related factor (Nrf2) mediated antioxidant pathway [44] and Wnt5a
[45], which may be involved the improved bone union in pathologic
fracture healing after radiotherapy. Our results show that DFO can
abrogate IR induced osteoclast differentiation. In addition, our novel
findings of the radio-protective effects of DFO and hepcidin on systemic
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bone loss suggest the potential clinical efficacy of lowering iron storage
during radiotherapy. Most important of all, iron reduction seems not to
contribute to carcinogenesis in cancer patients receiving radiotherapy
because there is a close link between increased body iron storage and
increased cancer risk for excess iron [46].

5. Conclusions

In summary, our study reveals the first evidence that systemic bone
loss induced by IR is related to the enhanced bone resorption due to
elevated iron level in the body. Decreased hepcidin expression is re-
sponsible for this elevation of iron level. Lowering iron storage by iron
chelator or hepcidin alleviates the radiation-induced deteriorated mi-
croarchitecture in trabecular bone. The bone loss in the irradiated field
is not only due to the elevated iron level, but also from the direct sti-
mulatory effects of IR on osteoclast differentiation. Overall, these re-
sults provide new perspectives for the underlying mechanisms of sys-
temic bone loss. The therapeutic lowering of iron levels may be
effective in the prevention and treatment of bone loss of patients un-
dertaking radiotherapy.
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