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Abstract. Radiotherapy, one of the clinical treatments of 
cancer, is accompanied by a high risk of damage to healthy 
tissues, such as bone loss and increased risk of fractures. The 
aim of the present study was to establish a rat model of local and 
systemic bone injury by focal irradiation, in order to study the 
etiological mechanism and intervention. The proximal metaph-
yseal region of the left hindlimb of male Sprague‑Dawley rats 
were exposed to a single 2 Gy or three 8 Gy doses delivered 
on days 1, 3 and 5 using a small animal irradiator, the changes 
in bone volume and microarchitecture were evaluated, and the 
mineral apposition rate (MAR) was assessed. Furthermore, 
bone marrow‑derived macrophages (BMMs) were isolated and 
induced to osteoclasts. It has been demonstrated that a single 
dose of 2 Gy may result in a significant loss of lumbar bone 
density at 3 days post‑irradiation, however this is restored at 
30 days post‑irradiation. In the 3x8 Gy irradiation rat model, 
there was a rapid decrease in the aBMD of lumbar spine at 
3 days and at 7 days post‑irradiation, and the aBMD decline 
persisted even at 60 days post‑irradiation. In addition, microCT 
analysis revealed a persistent decline in bone volume and 
damage in microarchitecture in the 3x8 Gy irradiation model, 
accompanied by a decrease in MAR, index of the decline in 
bone‑forming ability. In the cellular mechanism, a single 2 Gy 
local irradiation mainly manifested as an enhancement of 
the BMMs osteoclastogenesis potential, which was different 
from the osteoclastogenesis inhibition after high‑dose focal 
irradiation (3x8 Gy). In summary, the irradiation with simu-
lated clinical focal fractionated radiotherapy exerts short‑ and 
long‑term systemic injury on bone tissue, characterized by 
different osteoclastogenesis potential between the high dose 
mode and a single 2 Gy focal irradiation. Physicians must 
consider the irreversibility of bone damage in clinical radio-
therapy.

Introduction

Cancer treatment, including radiotherapy (RT), may adversely 
affect bone health (1‑3). In addition to bone‑related events 
associated with tumor bone metastasis, cancer treatment per se 
may also lead to bone injury, termed cancer treatment‑induced 
bone loss (CTIBL), resulting in non‑tumor bone pain, bone 
atrophy and susceptibility to pathological fractures (4,5). The 
long‑term side effects on bone caused by anti‑cancer treatment 
have attracted a large amount of attention (6,7). RT is an effec-
tive and valuable method for anti‑cancer treatment, as >50% 
of cancer patients require RT, alone or in combination with 
chemotherapy, surgery and other therapeutic methods, at some 
stage of the malignancy (8,9). The radiation dose to the target 
tissue may reach 50‑90 Gy, and normal tissues surrounding 
the target area, including bone tissue, may also absorb ionizing 
radiation (8,9). It has been demonstrated that pelvic irradiation 
significantly increases the risk of female pelvic fracture (4,5), 
and rib fractures often occur following external stereotactic 
radiotherapy for lung cancer  (10). Additionally, evidence 
on radiation‑induced local and systemic bone loss has also 
been demonstrated in local or total body irradiated mouse 
models (11‑13). RT may pose a risk to skeletal health, leading 
to bone reconstruction imbalance and bone loss in the exposed 
areas (local bone loss), as well as the remote unexposed areas 
(systemic bone loss), and may aggravate the risk of cancer 
recurrence and bone metastasis due to the disintegration of 
bone matrix and release of active factors (14,15). Irradiation 
acutely stimulates bone remodeling in mice; however, the 
long‑term influence of irradiation on bone‑resorbing potential 
(osteoclastogenesis) and the possible adaptive mechanisms 
are not well understood, which is important for developing 
prevention and treatment strategies for malignancies.

RT‑induced bone loss has become an important factor 
limiting the effective therapeutic dose, affecting the quality 
of life and prognosis of patients (16,17). One of the important 
events in tumor RT is the choice of dosage and fractionation 
mode (18‑20). Single 2 Gy irradiation has often been used in 
animal models (21), although this is only equivalent to the 
clinical RT routine split single dose and astronaut space flight 
dose, which are far lower than the total dose in the clinical 
radiotherapy. In addition, the choice of irradiation site can 
also affect the radiation effects, while total body irradiation 
may cause a systemic inflammatory response and may even 
lead to hypogonadism, complicating the interpretation of 
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experimental data related to bone injury (22). In the present 
study, a rat model of radiation‑induced bone loss was 
constructed to simulate clinical focal fractionated RT, which 
may be used to investigate the effects of ionizing radiation on 
bone structure, bone tissue cells and other biological processes 
in vivo, and may help elucidate the etiological mechanism of 
bone loss following RT.

Materials and methods

Animals and irradiation. Male Sprague‑Dawley rats (age, 
6  weeks; weight 80‑90  g; n=120), were obtained from the 
Department of Experimental Animal of Fudan University 
(Shanghai, China). All animal experimental procedures were 
approved by the Committee for Ethical Use of Experimental 
Animal at Fudan University (ethical approval registration no. 
2017‑03‑FYS‑ZGY‑01). The rats were randomized into the 
following groups: i) control group for the 2 Gy model; ii) single 
local irradiation (2 Gy) group; iii) control group for the (3x8 Gy) 
model; and iv) local fractionated irradiation (3x8 Gy) group. 
There were 6 rats in each group at each time point. The rats 
were locally irradiated in the left hindlimb with a single 2 Gy or 
three 8 Gy doses delivered on days 1, 3 and 5, using the X‑RAD 
320 Biological Irradiator (X‑RAD 320, PXi) with a collimator 
(diameter, 1.8 cm; covering areas of the left femur and tibia) or 
a self‑made shielding device made up of 8‑mm thick lead. The 
dose rate was 185.5 cGy/min, with 300 kV tube voltage, 12 mA 
tube current, and a distance of 60 cm between the source and the 
surface. LiF (Mg, Cu, P) thermoluminescent dosimeters were 
used to measure the actual radiation dose at different distances 
from the radiation center (23,24). The rats were anesthetized 
with intraperitoneal injection of 1% sodium pentobarbital 
(40 mg/kg), fixed on the anatomical plate in the supine posi-
tion, the left hindlimb was stretched outside the shielding lead 
box, and the remaining body parts were positioned inside the 
shielding lead box. The rats and the shielding lead box were 
placed into the irradiator, and the rats of the local radiation 
group were exposed to X‑ray irradiation, whereas the rats of the 
control group received no irradiation. During the experimental 
period, the environmental temperature was 20‑26˚C, with a 
light/dark cycle of 12/12 h, and the rats were housed for 2 weeks 
of acclimatization and allowed free access to food and water.

Sample collection. The left hindlimb of the control group 
was defined as the ‘control limb’, the left hindlimb of the 
irradiated group as the ‘local irradiated limb’, and the right 
hindlimb as the ‘contralateral limb’. At 3, 7, 14, 30 and 60 days 
after the first irradiation, 6 rats in each group were weighed 
and euthanized, followed by collection of blood samples and 
harvesting of the L1‑L5 lumbar vertebrae, bilateral femora 
and tibiae. At the time points of 30 and 60 days, the rats were 
injected intraperitoneally with 5 mg/kg calcein (Shanghai 
Macklin Biochemical Co., Ltd.) and 30 mg/kg tetracycline 
hydrochloride (Shanghai Macklin Biochemical Co., Ltd.) for 
double fluorescence labeling on the 14th and 4th day prior to 
euthanasia, respectively. The protocol of local irradiation and 
sampling are presented in Fig. 1.

Measurement of areal bone mineral density (aBMD). The 
L1‑L5 lumbar vertebrae were harvested, the surrounding 

connective tissue was trimmed, and dual‑energy X‑ray absorp-
tiometry was used to measure aBMD (the instrument accuracy 
was 1%, and the coefficient of variation was <1%).

Micro‑computed tomography (microCT) analysis and 3D 
reconstruction. The microCT scanning sites comprised the 
entire unilateral femur and L3 lumbar vertebra. Bone speci-
mens were fixed in 10% formaldehyde for 48 h at 37˚C. The 
scanning resolution was 18 µm under the following conditions: 
80 kV/313 µA/250 msec, 0.5 mm aluminum filter, 180˚ spiral 
scan. The image data were reconstructed by NRecon software 
(version 1.6.9.8; Bruker), while the coronal, sagittal and trans-
verse bone structure was observed by DataViewer software 
(version 1.5.1.2; Bruker). 3D analysis was performed by CTAn 
software (version 1.15.4.0+; Bruker), and the 3D rendering was 
created by CTvox software (version 2.6.0 r 908; Bruker). The 
region of interest (ROI) was selected according to the distal 
femur growth plate, and bone morphometric analysis of cancel-
lous bone was conducted with CTAn software. The trabeculae 
at the distal end of the femur and the L3 lumbar vertebra were 
included in the cancellous bone analysis site. The ROI of the 
trabeculae and cortical in femur were evaluated with a region 
with a spacing of 1.00 mm. The main parameters of cancel-
lous bone analysis included volumetric BMD (vBMD), bone 
volume (BV)/tissue volume (TV), trabecular number (Tb.N), 
trabecular thickness (Tb.Th), trabecular separation (Tb.Sp) and 
rabecular bone pattern factor (Tb.Pf). Cortical bone thickness 
(Ct.Th) was the main analytical parameter of cortical bone.

Dual fluorescence labeling. The rats were administered calcein 
and tetracycline hydrochloride by intraperitoneal injection 
on the 14th and the 4th day prior to euthanasia. The tibiae 
were fixed in Million's Buffer containing 10% formaldehyde 
at 4˚C for 3 days, washed with water overnight, dehydrated 
with 40, 70, 95 and 100% ethanol for 1 day each, soaked in 
xylene for 1 day, and embedded in methyl methacrylate. The 
bone specimens were cut into 20‑µm sections, observed and 
photographed using a fluorescence microscope (magnifica-
tion, x400), and the distance between the double fluorescence 
labeled lines was measured to calculate the mineral apposition 
rate (MAR) as follows: MAR (µm/day) = double fluorescence 
line spacing/days between the two lines.

Osteoclastogenesis from bone marrow‑derived macrophages 
(BMMs). BMMs were isolated from the bone marrow of 
experimental rats and induced to differentiate into osteoclasts 
in the presence of 40  ng/ml receptor activator of nuclear 
factor‑κB ligand (RANKL; PeproTech) and 25 ng/ml macro-
phage colony‑stimulating factor (M‑CSF; PeproTech) at 37˚C. 
The cells were cultured in α‑minimal essential medium 
(Gibco; Thermo Fisher Scientific, Inc.) supplemented with 
10% FBS (Gibco; Thermo Fisher Scientific, Inc.) and 1% peni-
cillin/streptomycin (Gibco; Thermo Fisher Scientific, Inc.) at 
37˚C in a humidified incubator containing 5% CO2. The induc-
tion medium was replenished every 2 days. After 7 days, the 
cells were fixed in 2.5% glutaraldehyde at 37˚C for 5 min and 
stained for tartrate‑resistant acid phosphatase (TRAP) activity 
at 37˚C for 1 h by a TRAP staining kit (Sigma‑Aldrich; Merck 
KGaA). Images of cells were obtained using a fluorescence 
microscope (magnification, x40). TRAP‑positive multinucle-
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ated cells with >3 nuclei were defined as osteoclasts, and the 
number of TRAP‑positive cells was counted by Simple PCI 
software (version 5.2.1.1609; Compix, Inc.).

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA from BMM‑derived osteoclasts was extracted using 
RNAprep Pure Cell/Bacteria kit (Tiangen Biotech Co., Ltd.) 
and converted to complementary DNA by Quantscript RT kit 
(Tiangen Biotech Co., Ltd.) at 45˚C for 15 min and 95˚C for 
3 min. qPCR reactions (20 µl) were performed with SYBR 
Premix Ex Taq mix (Takara Bio, Inc.) with the following ther-
mocycling conditions: 95˚C for 30 sec, followed by 40 cycles 
of 95˚C for 5 sec, 60˚C for 30 sec and 72˚C for 30 sec, and once 
cycle of 65˚C for 15 sec. A qPCR system (Light Cycler 2.0; 
Roche Diagnostics GmbH) was applied to determine the 
mRNA level. The primer sequences are listed in Table  I. 
The 2‑ΔΔCq method was used to calculate the relative mRNA 
expression (25).

Statistical analysis. Data are expressed as the mean ± stan-
dard deviation, and were evaluated by one‑way ANOVA using 
SPSS 16.0 software (SPSS, Inc.), followed by Bonferroni's 
correction for multiple comparisons. Each experiment was 
repeated a minimum of three times. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Quality assurance of local irradiation process. An X‑ray 
irradiator and collimator were used in the present study. 
Considering the actual length of the rat hindlimb, a collimator 
with a diameter of 1.8 cm was used (covering most of the femur 
and tibia of the unilateral hindlimb), and the center of colli-
mator coincided with the center of irradiated rat hind limbs. 
A LiF (Mg, Cu, P) thermoluminescent dosimeter was used to 
measure the actual radiation dose at different distances from 
the irradiated central point, in order to verify the central effect 
of the collimator. When the center of the hindlimb overlaps 
with the collimator, the dose rate at the edge of the collimator 
~1 and 2.5 cm from the center decreases by 58.9 and 99.1%, 
respectively. Therefore, considering the uniformity of dose 
distribution, the collimator was not adopted; a self‑designed 

shielding device made up of 8‑mm thick lead was used instead. 
Using this irradiation model, only the left hindlimb outside the 
device was exposed to X‑rays with ~2.0 cm diameter, which 
was equivalent to the bone volume of the locally irradiated 
pelvis in the clinical setting. Using this irradiation equipment, 
the dose distribution within the radiation field was ideally 
uniform, while the dosage inside the lead box could be reduced 
by >99.5%.

Physical conditions of irradiated rats. All experimental rats 
survived during the study period. Following single 2 Gy or 
3x8 Gy fractionated local irradiation, the rat weight in the 
irradiated group was significantly lower than that in control 
group at 3 days post‑irradiation (P<0.05); however, the early 
loss of weight could be gradually restored (Fig. 2). Irradiation 
exposure simulating the clinical local RT exerted no long‑term 
effects on the physical status.

Effects of local irradiation on aBMD. Lumbar aBMD decreased 
at 3 days after single 2 Gy or 3x8 Gy local irradiation, and 
the differences were statistically significant compared with 
the control groups (P<0.05). The lumbar vertebral density of 
rats locally irradiated with 2 Gy recovered to a certain extent, 
and the lumbar aBMD exhibited no significant change at day 
60. However, in the 3x8 Gy irradiation model, the lumbar 
aBMD of locally exposed rats was significantly lower at day 7 
(P<0.05), which was 2 days after the third irradiation (total 
dose, 24 Gy). There was no obvious recovery at 2 months after 
radiation exposure (Table II). As aforementioned, compared 
with the conventional single 2 Gy irradiation model, the bone 
loss in the 3x8 Gy local irradiation model, which mimics 
clinical fractionated RT, occurred at an earlier stage and was 
difficult to restore.

MicroCT analysis of bone morphometric parameters in 
locally irradiated rats. The femora and lumbar vertebrae of 
locally irradiated rats were reconstructed by microCT scan, 
and the local and systemic effects of local radiation exposure 
to the left hindlimb were analyzed at different time points 
after radiation exposure.

First, in the single 2 Gy local irradiation model, microCT 
imaging revealed deteriorated trabecular and cortical micro-

Figure 1. Time course of local irradiation experiment in rats. aBMD, areal bone mineral density; microCT, micro‑computed tomography; IR, irradiation; 
MAR, mineral apposition rate.
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architecture in both the directly irradiated and contralateral 
femora, as early as 7 days post‑irradiation. The femoral bone 
was obviously sparse and brittle, with a significant reduc-
tion in vBMD, BV/TV fraction, Tb.Th, Tb.N and Ct.Th, 
accompanied by an increase in Tb.Pf. However, at 30 days 
post‑irradiation, the changes in bone morphometric param-
eters of the locally irradiated and the contralateral hindlimb 
had recovered well (Fig.  3; Table  III). Therefore, after a 
single 2 Gy local irradiation, early transient bone damage 
may occur in both the irradiated and contralateral femur, 
suggesting that there is a systemic effect of bone irradiation, 
albeit reversible.

The lumbar microCT scan also demonstrated a signifi-
cant decrease in the vBMD, BV/TV and Tb.Th, and an 
increase in Tb.Pf in rats exposed to a single 2 Gy local 
irradiation at 7 days post‑irradiation, but the bone damage 
in the lumbar spine was restored at 30 days post‑irradiation, 

and a similar trend was observed in the femoral bone 
(Fig. 3; Table IV).

Second, in the 3x8 Gy local irradiation model, the trabec-
ular bone was obviously sparse and brittle, with significant 
bone loss and bone structural damage in both the directly 
irradiated and the contralateral hindlimbs as early as 7 days 
post‑irradiation. A decrease in vBMD, BV/TV and Tb.N was 
observed in the directly irradiated group, while in the contralat-
eral hindlimbs there was a decrease in vBMD and an increase 
in Tb.Sp. Furthermore, the bone loss and structural damage 
in the directly irradiated femoral bone persisted at 60 days 
post‑irradiation (Fig. 4; Table V), with a decrease in vBMD, 
BV/TV and Tb.N, accompanied by an increase in Tb.Sp. The 
results suggested that the fractioned local irradiation could 
induce early bone loss and long‑term bone structural damage 
in the directly irradiated areas, but this was reversible in the 
indirectly irradiated areas due to the lower dose.

Figure 2. Weight change in rats after local irradiation. (A) Single 2 Gy local irradiation. (B) 3x8 Gy local irradiation. The weight of irradiated rats was 
significantly lower compared with that of the control rats at 3 days post‑irradiation exposure; however, the early weight loss was gradually restored, and there 
was no significant difference between the two groups at 7 to 60 days of radiation exposure. n=6. *P<0.05.

Table I. Primer sequences for reverse transcription‑quantitative PCR.

Target gene	 Forward (5'‑3')	 Reverse (5'‑3')

GAPDH	C TGCACCACCAACTGCTTAG	 AGATCCACGACGGACACATT
Cathepsin K	 ACGGAGGCATCGACTCTGAA	 GATGCCAAGCTTGCGTCGAT
Integrin β3	 ATTGAGTTCCCAGTCAGTGAG	 GACAGGTCCATCAAGTAGTAG

Table II. Effects of local irradiation on aBMD (g/cm2) in lumbar spine of rats (n=6).

	 Single local irradiation (2 Gy)	 Fractionated local irradiation (3x8 Gy)
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ 
Days post‑irradiation	C ontrol group	 Local irradiated group	C ontrol group	 Local irradiated group

  3	 0.116±0.007	 0.096±0.005a	 0.185±0.017	 0.161±0.007a

  7	 0.122±0.011	 0.124±0.007	 0.195±0.007	 0.182±0.007a

14	 0.156±0.006	 0.149±0.008	 0.217±0.010	 0.213±0.010
30	 0.218±0.005	 0.217±0.016	 0.270±0.009	 0.268±0.028
60	 0.323±0.020	 0.315±0.009	 0.330±0.022	 0.299±0.025a

aP<0.05 vs. control group. aBMD, areal bone mineral density.
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Figure 3. microCT reconstructions of femur and lumbar vertebra at 7 and 30 days after single 2 Gy local irradiation. Lumbar trabecular bone of the region of 
interest at (A) 7 and (B) 30 days post‑irradiation. (a) Representative two‑dimensional and (b) three‑dimensional images of trabecular bone in lumbar spine. 
Femoral trabecular and cortical bone of the region of interest at (C) 7 and (D) 30 days post‑irradiation. (c) Coronal position of femur (two‑dimensional); 
(d) femoral trabecular bone (three‑dimensional); and (e) femoral cortical bone (three‑dimensional). microCT, micro‑computed tomography.

Table III. Morphometric parameter values of femoral bone after single 2Gy local irradiation (n=6).

	 7 days post‑irradiation	 30 days post‑irradiation
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ 
Morphometric		C  ontralateral	 Local	C ontrol	C ontralateral	 Local
parameters	C ontrol limb	 limb	 irradiated limb	 limb	 limb	 irradiated limb

vBMD, g/mm3	 0.268±0.010	 0.230±0.059	 0.240±0.008a	 0.227±0.016	 0.220±0.025	 0.224±0.010
BV/TV, %	 23.34±4.700	 19.18±2.769	 15.03±1.096a	 33.17±4.283	 33.15±0.704	 33.49±3.055
Tb.Th, mm	 0.112±0.003	 0.108±0.005	 0.102±0.004a	 0.117±0.004	 0.116±0.002	 0.119±0.002
Tb.N, 1/mm	 2.072±0.393	 1.784±0.346	 1.483±0.126a	 2.831±0.302	 2.720±0.101	 2.804±0.200
Tb.Sp, mm	 0.396±0.136	 0.471±0.080	 0.483±0.095	 0.242±0.029	 0.245±0.015	 0.247±0.035
Tb.Pf, 1/mm	 8.587±1.234	 10.90±1.047a 	 12.95±1.219a	 4.259±1.943	 4.731±1.314	 4.405±0.627
Ct.Th, mm	 0.277±0.024	 0.265±0.019	 0.252±0.010a	 0.469±0.013	 0.465±0.017	 0.470±0.022

aP<0.05 control vs. irradiated or contralateral. vBMD, volume bone mineral density; BV/TV, bone volume fraction; Tb.Th, trabecular thick-
ness; Tb.N, trabecular number; Tb.Sp, trabecular separation; Tb.Pf, trabecular pattern factor; Ct.Th, cortical bone thickness.
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Effect of local irradiation on bone‑forming ability. The 
effects of different irradiation doses on the MAR of rats were 
determined by calcein and tetracycline hydrochloride double 
fluorescence labeling method. The results demonstrated that, 
at 30 and 60 days after single local irradiation with 2 Gy, 
the MAR of the directly exposed hindlimbs and the contra-
lateral hindlimbs did not differ significantly from that of 
control group rats, i.e., the single 2 Gy irradiation exerted no 
significant effect on the bone formation ability. However, at 
30 days after irradiation with 3x8 Gy, MAR in the directly 
irradiated hindlimbs exhibited a significant decrease by >50% 
compared with the control limbs. At 60 days after 3x8 Gy local 
irradiation, the MAR of the irradiated limb remained reduced 
by 31.1% compared with the control limb, but exhibited an 
obvious improvement compared with that at 30 days (Fig. 5).

Changes of osteoclast differentiation potential of locally irra‑
diated BMMs in rats. BMMs were obtained at 7 and 30 days 
post‑irradiation, induced and differentiated into osteoclasts. 
TRAP staining was performed, and TRAP‑positive multi-
nuclear cells were counted on day 7. The results revealed that 

the number of TRAP‑positive multinuclear cells from BMMs 
of the irradiated rats increased markedly compared with the 
control group, and the mRNA expression of levels cathepsin K 
and integrin 3, two well‑known markers of osteoclast differen-
tiation, were significantly upregulated at 7 days post‑irradiation 
(P<0.05). However, at 30 days post‑irradiation, the number of 
TRAP‑positive multinucleated cells exhibited a decrease to 
normal, and the differentiation marker gene expression levels 
did not differ significantly compared with the control group 
(P>0.05; Fig. 6).

When 3x8 Gy local irradiation was applied, the ability 
of osteoclastogenesis of BMMs from both the directly 
exposed hindlimbs and the contralateral hindlimb at 7 days 
post‑irradiation was significantly decreased compared with 
the control group, showing that the number of TRAP‑positive 
multinuclear cells was significantly reduced (P<0.05). At 
30 days post‑irradiation, the osteoclastogenesis potential of 
BMMs returned to normal levels, with no statistically signifi-
cant differences compared with the control group (Fig. 7). 
In summary, unlike the single 2 Gy irradiation model, the 
number of TRAP‑positive multinuclear cells generated by 

Figure 4. microCT reconstructions of femur at 7, 30 and 60 days after 3x8 Gy local irradiation. Femoral trabecular and cortical microarchitecture in the region 
of interest at (A) 7, (B) 30 and (C) 60 days post‑irradiation. (a) Representative femoral trabecular bone (three‑dimensional) and (b) femoral cortical bone 
(three‑dimensional). microCT, micro‑computed tomography.

Table IV. Morphometric parameter values of lumbar vertebrae after single 2 Gy local irradiation (n=6).

	 7 days post‑irradiation	 30 days post‑irradiation
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ 
Morphometric		  Local radiation 	C ontrol	 Local
parameters	C ontrol group	 group	 group	 radiation group

vBMD, g/mm3	 0.261±0.014	 0.209±0.013a	 0.266±0.028	 0.259±0.021
BV/TV, %	 41.58±3.590	 36.89±2.831a	 59.43±4.416	 58.09±3.264
Tb.Th, mm	 0.109±0.006	 0.107±0.003a	 0.130±0.005	 0.129±0.005
Tb.N, 1/mm	 3.820±0.358	 3.444±0.261	 4.559±0.223	 4.363±0.281
Tb.Sp, mm	 0.167±0.012	 0.179±0.011	 0.120±0.009	 0.128±0.010
Tb.Pf, 1/mm	 5.195±1.654	 6.988±0.894a 	 6.005±2.076	 7.047±1.311

aP<0.05 vs. control. vBMD, volume bone mineral density; BV/TV, bone volume fraction; Tb.Th, trabecular thickness; Tb.N, trabecular number; 
Tb.Sp, trabecular separation; Tb.Pf, trabecular pattern factor.
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BMM‑induced fusion was significantly reduced in the simu-
lated clinical 3x8 Gy fractionated irradiation model, even at 
the early post‑irradiation stage, possibly due to the excessive 
inhibition of the bone marrow by high‑dose irradiation.

Discussion

Currently, surgical treatment, chemotherapy and RT are the 
common methods of cancer treatment, and the curative effect 
of RT has been generally recognized. However, ionizing radia-
tion exerts a damage effect on normal bone tissue. Evidence 
on radiation‑induced bone loss has been widely reported in 
female patients with pelvic cancer and male patients with 
prostate cancer, and the appropriate RT dosage and the frac-
tionation mode are key factors affecting the clinical efficacy of 
treatment and patient prognosis (4,5,7,26).

It is widely understood that the fractionation mode, dosage 
and site of irradiation affect the pathological process of bone 
damage after RT (12,20,27). Establishing an irradiation animal 
model to closely simulate clinical local fractionated RT is 
invaluable for studying the biological processes of bone struc-
ture and bone tissue cells in vivo. To date, animal models of 
bone injury following RT have predominantly adopted single 
2 Gy whole‑body irradiation (21), 2 Gy fractionated irradiation 
several times or a single large (20 Gy) dose administration (28), 
or 5 Gy large dose fractionated irradiation four times (11,14). 
These irradiation models are associated with certain defects 
in the fractionated mode, irradiation dosage, irradiation loca-
tion and other aspects, failing to truly simulate the clinical RT 
dose and fractionated mode, or lacking practical applicability 
due to numerous administrations of anesthetic. At present, the 
routine practice in the clinical setting is splitting RT, 2 Gy for 
30 times or 8 Gy for 5 times with a larger split dose, and these 
two modes have the same biological equivalent dosage (8). 
Further considering the difference in relative volume and 
radiation sensitivity between rats and humans, the applica-
tion of local irradiation with 8 Gy for three times can better 
simulate clinical local fractionated RT and simplify animal 
experimentation. Therefore, it is widely used in the tumor RT 
murine and rat models.

Regarding the selection of experimental animals and the 
exposed location, the local irradiation model of unilateral or 
bilateral hindlimbs of rodents is commonly adopted (11,12,14). 
The location of radiation exposure includes the entire lower 
extremity (femur, tibia and foot), representing ~20% of the 
total bone of the body, and is equivalent to the bone ratio of 
the clinical RT exposed pelvic area, making it more suitable 
for in vivo studies of bone loss after radiation exposure. In 
addition, the establishment of the irradiated model of unilat-
eral hindlimb enables the use of the contralateral unexposed 
hindlimb to observe the systemic effects.

Therefore, there is evidence on the systemic effect in 
bone loss following single limb irradiation in that bone loss 
occurs not only at the irradiated site, but at the contralateral 
and non‑irradiated sites as well. Studies on the mechanism 
of systematic bone loss after local irradiation are crucial for 
developing prevention and treatment strategies for cancer 
patients. In the present study, a local irradiation rat model 
was established to simulate the clinical focal RT procedure 
and investigate the effects of single 2 Gy local irradiation and 
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Figure 5. Representative tetracycline hydrochloride and calcein double‑labeling in the midshaft and dynamic histomorphometric analysis quantifying mineral 
apposition rate (µm/day) in the irradiated and contralateral femur relative to control mice at 30 and 60 days post‑irradiation. (A) Single 2 Gy local irradiation. 
(B) 3x8 Gy local irradiation. Magnification, x100. The yellow and green fluorescent lines indicate labeled tetracycline hydrochloride and calcein, respectively. 
Mineral apposition rate (µm/day) = double fluorescence line spacing/days between the two lines. **P<0.01 control vs. irradiated limb.

Figure 6. Changes of TRAP‑positive cell differentiation from BMMs and marker gene expression following single 2 Gy irradiation. (A) TRAP staining at 7 
and 30 days after irradiation (magnification, x40). (B) Number of TRAP‑positive MNCs. Expression of the cell differentiation marker genes (C) cathepsin 
K and (D) integrin β3. The expression levels of cathepsin K and integrin β3 were significantly upregulated at 7 days post‑irradiation; however, at 30 days 
post‑irradiation, the expression tended to return to normal levels. *P<0.05. TRAP, tartrate‑resistant acid phosphatase; BMMs, bone marrow‑derived macro-
phages; MNCs, mononuclear cells.
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3x8 Gy fractionated local irradiation on bone. The results 
demonstrated that, at 3 days after single 2 Gy local irradia-
tion, the lumbar spine aBMD exhibited a significant decline, 
and then gradually recovered. The results of microCT scan 
revealed that the cortical bone thickness of the directly 
irradiated femur and the contralateral unexposed femur was 
significantly lower compared with that of the control group, 
and the trabecular bone separation and trabecular pattern 
factor in cancellous bone were significantly increased. These 
results support that, in the early stage after local irradiation, 
bone loss and structural damage may occur both in the directly 
irradiated and the unexposed bone, which is consistent with 
the changes observed in lumbar vertebrae. The occurrence 
of early radiation‑induced bone injury and its remote effects 
post‑irradiation were confirmed, and such injury was restored 
in the single 2 Gy local radiation model. Consistent with the 
clinical report of systemic osteoporosis in cancer patients after 
radiotherapy, significant bone loss was also observed in sites 

outside the irradiated area of rats in our experiment. These 
results demonstrate the applicability of our experimental 
irradiation‑induced bone loss mice model. Vascular injury, 
inflammation, and production of reactive oxygen species are 
thought to be the most important factors leading to the delete-
rious effects of radiation at the distal skeletal and non‑skeletal 
sites. In addition, osteocytes are the most abundant cells in 
bone tissue and exhibit multiple regulatory effects, while 
damage of osteocytes may play a key role in the development 
of systemic bone loss (29). In clinical practice, 2 Gy per time 
in multiple fractionated radiation is mostly applied, but if the 
total irradiation dose is significantly higher than 2 Gy, it may 
result in more serious bone damage that is possibly irrevers-
ible. Bone loss and bone structural damage may further lead to 
osteoporosis and increased risk of pathological fracture (2,7). 
In clinical focal radiotherapy, the possibility of bone loss and 
osteoporosis remains high, even in bone tissue that is not 
directly exposed to radiation, i.e., both the directly irradiated 

Figure 7. Changes of TRAP‑positive cell differentiation from BMMS after 3x8 Gy local irradiation. (A) TRAP staining at 7 and 30 days after irradiation 
(magnification, x100). (B) Number of TRAP‑positive MNCs. At 7 days post‑irradiation, the differentiation and fusion of BMMs to form osteoclasts in the 
local irradiated limb and the contralateral limb were significantly reduced compared with the control limb. While at 30 days post‑irradiation, the number of 
TRAP‑positive cells and osteoclastogenesis ability of BMMs returned to normal levels, with no statistically significant difference compared with the control 
group. n=6. ***P<0.001. TRAP, tartrate‑resistant acid phosphatase; BMMs, bone marrow‑derived macrophages. MNCs, mononuclear cells.
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site and the non‑irradiated bone tissue of patients exhibit an 
elevated fracture risk after RT (16,17). Therefore, more atten-
tion should be paid to the effective prevention of local and 
systemic bone loss, osteoporosis and fracture in clinical RT 
patients.

In the present study, a clinical SBRT high‑dose frac-
tionated model was simulated, and the left hindlimb was 
irradiated with three fractionated doses of 8 Gy (3x8 Gy). At 
3 days (total dose of 8 Gy) and 7 days (total dose of 24 Gy; 
2 days after the third exposure) after the first exposure, the 
bone density of the irradiated rats exhibited a rapid decline. At 
2 months after the first exposure, the lumbar vertebral density 
of the irradiated rats remained significantly lower. MicroCT 
three‑dimensional reconstruction demonstrated that irradia-
tion could lead to a reduction in the number of bone trabeculae 
in the lumbar spine as well as the femur, along with a decrease 
in trabecular junction points and an increase in the degree of 
separation. According to the analysis of the bone morpho-
metric parameters, stress bone loss occurred at the early stage 
of radiation exposure, which was mainly manifested as loss of 
cancellous bone and destruction of bone structural integrity, 
including a decrease of BV/TV and Tb.N and an increase of 
Tb.Sp and Tb.Pf, whereas the bone loss and structural damage 
persisted over a long period after radiation exposure. In 
addition, the MAR value decreased, indicating a significant 
decrease in osteogenic ability. These results indicate that the 
high‑dose fractionated irradiation simulating clinical focal RT 
exerted early and long‑term damage effects on bone tissue, 
and systemic injury was obvious. Therefore, it is necessary to 
acknowledge the risk of irreversible bone damage following 
clinical RT.

Previous, in vivo studies demonstrated that rats locally irradi-
ated with single 2 Gy dose of X‑ray exhibit marked bone loss and 
bone microstructural deterioration. Furthermore, an increased 
number and enhanced activity of osteoclasts also appears to 
be an important factor for bone loss after RT (15,30‑32). In the 
present study, at 7 and 30 days post‑irradiation, mononuclear 
cells from the bone marrow of rats were isolated and induced to 
differentiate into osteoclasts, in order to investigate the effects 
of ionizing radiation on the osteoclastogenesis potential of 
BMMs. The results revealed that in the early stages after single 
2 Gy dose of X‑ray, local irradiation promoted the osteoclast 
differentiation potential of BMMs, which was manifested by 
the increased number of TRAP‑positive multinuclear cells, 
and the significantly upregulated mRNA expression levels 
of cathepsin K and integrin β3, two well‑known markers of 
osteoclastogenesis. However, in the simulated clinical high‑dose 
fractionated model of 3x8 Gy local irradiation, there was an 
obvious inhibition of osteoclastogenesis potential even in the 
early stages after irradiation; the number of TRAP‑positive 
multinuclear cells induced by BMMs from the irradiated and 
the contralateral limb was significantly reduced by 83 and 35%, 
respectively. It was confirmed that inhibition of osteoclastogen-
esis potential occurred early in clinical local fractionated RT, 
and it also confirmed the systemic effect of high‑dose irradiation 
on suppression of bone marrow, which may be caused by exces-
sive inhibition of bone marrow‑derived cells during high‑dose 
irradiation. Therefore, unlike the single 2 Gy local irradiation 
model, high‑dose fractionated local irradiation (3x8 Gy) could 
significantly cause the inhibition of bone marrow at early stage 

post irradiation, leading to reduction of bone marrow‑derived 
osteoclastogenesis potential, which may play an important role 
in the development of radiation‑induced bone loss. However, 
the reduction in the number of osteoclasts may be restored 
to normal levels at the later stages of irradiation. The cellular 
mechanism of bone injury with different dose patterns requires 
further investigation (30,32).

In the present study, a biological irradiator with its own 
beam‑limiting collimator and a laboratory‑made lead shielding 
device were used to simulate clinical focal RT irradiation, 
and a rat model of bone loss caused by local irradiation of 
unilateral hindlimb was successfully constructed, which may 
be used to observe the local and systemic bone damage effects 
caused by ionizing radiation. It has been demonstrated that 
bone loss and bone structural damage could occur at the early 
post‑irradiation stage, both as local and systemic effects. The 
bone injury caused by single 2 Gy local radiation is likely 
to recover completely, however, the bone damage after three 
8 Gy doses of local radiation appears earlier, lasts for a longer 
period of time and is not easily reversed. There appears to 
be a different cellular mechanism underlying bone damage 
in different dosages and fractionation modes  (15,30,31), 
appearing as over‑activity of osteoclast function in the early 
stages of low‑dose radiation exposure, while the inhibition of 
bone marrow‑derived cells was the main manifestation in the 
simulated clinical RT high‑dose radiation exposure.
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