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Abstract
Background: Current studies still have a controversy on the effect and doses of irradiation (IR) on bone
regeneration. Moreover, the mechanisms of IR to bone regeneration mainly focus on the direct effects on
osteoblasts, with neglect to the role of the surrounding immune environment. Our purpose was to explore
the effect of IR on osteoblasts proliferation and macrophages polarity.

Results: Here in this study, we �rstly established the rat cranial defects model and revealed that low-dose
IR≤2 Gy gradually promoted bone regeneration, while high-dose IR>2Gy inhibited bone regeneration. The
change of macrophage polarity in peripheral blood samples showed that low-dose IR≤2 Gy triggered M2
polarization of macrophages, high-dose IR>2 Gy led to M1 polarization. The cellular level also showed the
similar results, mouse leukemia cells of monocyte macrophages cells (Raw264.7) exhibited M2
polarization under low-dose IR≤2 Gy, and M1 polarization under high-dose IR>2Gy. Furthermore low-dose
IR≤2 Gy promoted the proliferation of osteoblasts, while high-dose IR>2 Gy exhibited the opposite result.
The co-culture results showed that low-dose IR≤2 Gy not only promoted bone regeneration through
osteoblasts proliferation, but also promoted bone regeneration through M2 polarization of Raw264.7
cells, while high-dose IR>2 Gy had the opposite effect.

Conclusions: Our �ndings have revealed that low-dose IR≤2 Gy promotes bone regeneration by indirectly
promoting macrophage M2 polarization and direct osteoblast proliferation, while high-dose IR>2 Gy has
the opposite effect, which might offer inspirations for the related studies.

1. Background
It has been common sense in the scienti�c community that high-dose ionizing irradiation (IR) can deliver
deleterious effects to bone tissue. [1–3] The subjects can suffer from signi�cant osteoradionecrosis,
sclerosis and even a high incidence of bone fracture. [4–7] The osteoblasts critical for the maintenance
of normal bone functions are demonstrated to show impaired proliferation and differentiation after high-
dose IR. Further explorations have also revealed that increased cell-cycle arrest, reduced collagen
production and acquired vulnerability to apoptotic agents are responsible for the damage caused high-
dose IR. [8, 9] However, the effects of low-dose IR on the bone tissues, especially bone repair, have not
been fully explored by previous studies. Instead of high-dose IR, low-dose IR such as radiography,
computed tomography or �uoroscopy during surgery, is more common occurred to patients, especially
those subjected to orthopedic operations and with bone fractures. [10–12] Therefore, understanding
whether low-dose IR also has the same impact on patients through the same or similar mechanisms is an
important issue for those suffering from the bone defect that needs frequent low-dose IR.

Unfortunately, there are remaining controversies among previous researches on the effects of low-dose IR
and its underlying mechanisms. Wright et al. reported that 2 Gy of IR could result in local and systemic
bone loss in C57BL/6 mice. [13] Chen et al., showed that 0.5 Gy of IR promoted the fracture repair in
Sprague Dawley (SD) rats. [14] In the work of Hu et al., X-ray at 2 Gy decreased the mineralization effect
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of OCT-1 cells after a single IR. [15] In contrast, the same cell line subjected to the same dose exerted only
time-dependent cell cycle arrest without signi�cant effects on the proliferation and differentiation effect
[8], while another study further suggested that 2 Gy of X-ray not only increased differentiation and
mineralization potential of calvarial osteoblasts but also upregulated the expression of many related
cytokines, including alkaline phosphatase (ALP), osteopontin (OPN), and osteocalcin (OCN) during the
process. [16] As these previous studies were performed using different animal models, IR source/dose,
exposure method and cell lines, further evidence should be added to draw a more comprehensive pro�le
on the effect of IR on bone repair and its underlying mechanisms.

In addition to the debates on this issue, there are still shortages of previous studies that mainly focus on
the direct impact of IR with restriction to the proliferation of osteoclast or osteoblast. However, the
immune environment in bone tissue constituted by a variety of cells, which collectively create a
microenvironment to afford orchestrated bone remodeling. The signi�cance of the immune environment
in bone tissue is drawing more and more attention. Macrophages, as a critical component of the innate
immune system, are demonstrated to exert important regulatory roles in bone homeostasis and repair.
[17, 18] It was reported that bone repair is positively associated with M2 macrophage function [19], and
regulated M2 macrophages showed a preventive effect on bone loss in murine periodontitis models. [20]
Recently, regulated M2 macrophage polarization using scaffold implantation or exosome was found to
signi�cantly enhance bone formation or inhibit periodontal bone loss in animal models. [21, 22]

Here in this study, we studied the effect of varioust doses of IR on bone repair in rats with cranial defects.
Then the effect of high- and low-dose IR on the polarity changes of macrophages in rats and in vitro was
investigated. Meanwhile, we also investigated the effect of various doses of IR on the proliferation of rat
bone marrow mesenchymal stem cells (BMSCs). In addition, the effects of IR-induced BMSCs
proliferation and Raw264.7 polarity changes on the osteogenesis of BMSCs were explored.

2. Results

2.1 The low dose of IR promotes bone regeneration in rat
cranial defect model
To study the effect of IR on bone repair, the rat cranial defect model was �rstly established, and rats were
subjected to different doses (0, 0.5, 1, 2, 4 Gy) of IR the next day. At 28 days post IR, micro-CT was
employed to analyze the formation of new bones within the defect region. As shown in Fig. 1, the 3D-
reconstruction of the cranium in different groups (Fig. 1A) revealed that when the IR dose was ≤ 2 Gy, as
the IR dose increased, the repair of the cranial defect was better, and the new bone formation increased, a
large amount of new bone formation could be seen in the 2 Gy group. In comparison, when the IR dose
continued to increase to 4 Gy, it had no effect on bone repair, and no regeneration was observed along the
edge of the defect. These observations were also veri�ed by the sagittal view of rat cranial defect in
Fig. 1B. Quanti�cation results demonstrated that there was more bone volume in the 2 Gy group than that
in other groups (Fig. 1C). Meanwhile, as shown in Fig. 1D, the 2 Gy group had the highest trabecular
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thickness than other groups. The micro-CT results indicate that low-dose IR ≤ 2 Gy promotes bone repair,
while high-dose IR > 2 Gy has no noticeable effect on bone repair.

2.2 The low dose of IR increases RUNX2 levels in rat cranial
defect model
To investigate the expression of osteogenic markers following IR, immunohistochemical staining of runt-
related transcription factor 2 (RUNX2) was performed on the cranial samples. As shown in Fig. 2, when
the IR dose was ≤ 2 Gy, positive staining at the edge of the defect was increased as the increment of the
IR dose, indicating the up-regulated expression of RUNX2 with the increased IR dose. In contrast, further
increase of IR dose to 4 Gy resulted in reduced expression of RUNX2. Immunohistochemical staining
results reveal the osteoinductive ability of low-dose IR ≤ 2 Gy by upregulating the expression of
osteogenic markers, while by contrast, high-dose IR > 2 Gy has no noticeable bone repair effect with no
obvious regulating of expression of the osteogenic markers.

2.3 The low dose of IR promotes M2 polarization of
macrophage in vivo and in vitro
In order to verify the effect of IR on the polarization of macrophages in cranial defect rats, the orbital
blood of rats from different groups at a predetermined time (Day1, 3, 8, 14) were collected to isolate
peripheral blood mononuclear cells (PBMC). Then four M1/M2 antibodies, CD80/CD86 for M1-polarized
macrophages and CD206/CD163 for M2-polarized macrophages, were stained using corresponding
antibodies, followed by CD68 staining for macrophages, and detected by �ow cytometry. It showed in
Day1 (Fig. 3A), for the low-dose IR ≤ 2 Gy groups, as the IR dose increased, the expression of M1 markers
CD80 and CD86 decreased, and the expression of M2 markers CD206 and CD163 increased. When the IR
dose continued to increase to 4 Gy, the expression of M1 markers CD80 and CD86 increased, the
expression of M2 markers CD206 and CD163 decreased. Day3 and Day8 (Fig. 3B, 3C) showed a similar
trend. On Day14, for the low-dose IR ≤ 2 Gy groups, as the IR dose increased, the expression of M1
markers CD80 decreased, CD86 had no signi�cant differences, M2 markers CD206 stayed consistent, and
CD163 increased. When the IR dose continued to increase to 4 Gy, the expression of M1 markers CD80
and CD86 increased, M2 markers CD206 had no signi�cant differences, while CD163 decreased. These
results indicate that low-dose IR ≤ 2 Gy can reduce the ratio of M1-polarized macrophages and
conversely increase that of M2-polarized ones. In contrast, from 2 Gy to 4 Gy, IR reduced the ratio of M2-
polarized macrophages but increased that of M1-polarized ones, while by contrast, high-dose IR > 2 Gy
exhibits the opposite result.

The effect of IR on the polarization of macrophages in healthy rats was also studied (Figure S1). Healthy
rats showed a similar polarization trend as that in cranial defect rats on Day1 and Day3. Interestingly, the
irradiated healthy rats showed faster recovery of the changed polarization state (Figure S1) as compared
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with the cranial defect model. It was shown that the polarization differences among different groups were
started to unify in healthy rats at Day14, and there were almost no differences at Day 28.

To monitor the effect of IR dose on the polarization of macrophages in vitro, Raw264.7 cells were �rstly
treated with LPS to construct an in vitro in�ammation model. Then the cells were subjected to different
doses of IR, followed by quanti�cation of mRNA of M1/M2 markers using RT-PCR. iNOS and IL-1 were
selected as M1 polarization markers, while BMP2 and CD206 were selected as M2 polarization markers.
As shown in Fig. 4, low-dose IR ≤ 2 Gy reduced the expression of M1 polarization-related mRNA and
increased the expression of M2 polarization-related mRNA, while high-dose IR > 2 Gy exhibited an
opposite result, indicating that low-dose IR ≤ 2 Gy can promote the polarization of macrophages into M2
type, high-dose IR > 2 Gy can promote the polarization of macrophages into M1 type.

2.4 The low dose of IR promotes the proliferation of BMSCs
In order to study the impact of IR doses on the proliferation of BMSCs, the cell viability study and
live/dead staining were conducted. After being treated with different doses of IR, BMSCs were allowed to
grow for another 24, 48 or 72 h, and the cell viability were monitored using the MTT assay. As shown in
Fig. 5A, at 24 h post-IR, there was almost no difference in cell viability among low-dose IR ≤ 2 Gy groups,
while the proliferation rate of cells in the 4 Gy group was signi�cantly inhibited. At 48 h, the cell
proliferation of the low-dose IR ≤ 2 Gy groups increased slightly, the cell proliferation of the 4 Gy group
was signi�cantly inhibited compared with the control group. It was noted that extended incubation time
to 72 h showed more signi�cant differences. In particular, BMSCs subjected to 2 Gy IR showed the
highest BMSCs proliferation pro�le and had a signi�cant difference compared to the untreated control
group. The 4 Gy group exhibited more apparent differences compared with other groups.

In the live/dead staining assay performed at 72 h post-incubation, as shown in Fig. 5B, the 4 Gy group
exhibited some dead/dying cells in the view, while other groups showed high cell viability with almost no
dead/dying cells observed, particularly the cell density in the 2 Gy group was the highest among all
groups. These results suggests that low-dose IR ≤ 2 Gy promotes the proliferation of BMSCs, while high-
dose IR > 2 Gy inhibits the proliferation of BMSCs.

2.5 The low dose of IR-induced osteoblast proliferation and
macrophage M2-polarization promote osteogenesis
The osteogenesis differentiation of BMSCs under different treatments were studied. BMSCs were cultured
in the osteoblastic induction medium (OIM) and then subjected to different doses of IR, with/without the
addition of supernatants of Raw264.7 cells irradiated with corresponding doses of IR. Two osteogenesis
factors, ALP and mineralized nodules were selected to re�ect the osteogenic differentiation of BMSCs. As
shown in Fig. 6A and 7A, low-dose IR ≤ 2 Gy exerted bene�cial effects on bone repair as supported by the
increased expression of ALP and mineralized nodules in BMSCs, while the 4 Gy group showed decreased
expression of ALP and mineralized nodules compared with the OIM group, indicating the high-dose 4 Gy
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was not conducive to osteogenesis. Moreover, after being supplied with the supernatants of Raw264.7
cells irradiated with corresponding doses of IR, the level of expression of ALP (Fig. 6B) and mineralized
nodules (Fig. 7B) in BMSCs showed more apparent changes. In line with the above observations, the
addition of the supernatants of Raw264.7 cells irradiated with low-dose IR signi�cantly promoted the
osteogenesis of BMSCs as the IR dose improved. The 2 Gy group showed the best performance with the
highest level of ALP/AR staining. Even in the low-dose IR groups, the Raw264.7 supernatant groups
exhibited signi�cantly increased staining as the IR dose increased (Fig. 6B, Fig. 7B). In contrast the only
irradiated groups had slight increment, indicating that the effect of Raw264.7 polarization to
osteogenesis may be stronger than that the effect of cell proliferation. As expected, 4 Gy of IR showed
decreased expression of both ALP and mineralized nodules in BMSCs, suggesting the negative effect of
high-dose IR in bone repair.

3. Discussion
Based on the fact that IR is a more commonly encountered situation in our daily life, especially those
subjected to orthopedic operations and with bone fractures, the effects of IR, including the dose limits
and the underlying mechanisms, are urgent to be clari�ed. In previous studies, the adopted experiment
conditions vary from one study to another, which sometimes give contradictive conclusions. To reveal the
impact of IR on the repair of bones, in our study, male SD rats with established cranial defects model
were employed and subjected to IR of 0.5-4 Gy once, followed by the studying of bone repair at the defect
region. The results in Fig. 1 demonstrated that the low-dose IR of 2 Gy showed the best bone regeneration
performance. These observations were also in line with previous studies to con�rm that low-dose IR can
exert a bene�cial effect on bone regeneration.

In previous reports, the mechanism studies related to the positive bone regeneration effect of low-dose IR
were largely restricted on two targets, osteoblast and osteoclast, since they are directly related to the
repair of bones. As bone is a very dynamic tissue, which undergoes continuous remodeling during its
lifetime with the coordination of different cells, not only osteoblast and osteoclasts, but also immune cell,
with macrophages as one of the most important regulators. Therefore, the impact of low-dose IR on
macrophages and the following impact on bone repair, as a long-neglected mode of action, should be
considered. In recent years, studies have come to a consensus that macrophages subjected to ≤ 1 Gy of
IR treatment were likely to become M2 polarization (anti-in�ammatory), while > 2 Gy of IR was more prone
to enhance M1 polarization (pro-in�ammatory) of macrophages. [23, 24] As previous studies also
revealed that macrophages reside during all stages of fracture repair, which also contribute signi�cantly
to determine the destiny of repair process. [25, 26] In fact, M1 polarization of macrophages, which shifted
the in�ammatory reaction after injury towards a pro-in�ammatory scenario, usually delays or even
impairs successful repair. [27] In contrast, M2 polarization of macrophages could improve the repair
outcome with reduced recuperation time. [28, 29] Therefore, there is a high potential that low-dose IR can
indirectly navigate the bone repair process by affecting macrophages polarization. Therefore, the M1/M2
polarization pro�le of macrophage in the circulation was monitored for 14 days using corresponding
antibodies. The results in Fig. 2 showed that low-dose IR ≤ 2 Gy increased the M2 polarization ratio with
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a plateau observed at around 2 Gy, and further increased dose showed reverse effect with reduced M2
polarization. This trend corresponded to the bone repair results in Fig. 1. Interestingly, the irradiated
healthy rats showed faster recovery of the changed polarization state (Figure S1) as compared with the
cranial defect model rats. This may be due to the fact that healthy body/organ has a better ability to
adjust body indicators to a normal state, which deserves our future exploration.

The results of animal experiments have also been veri�ed at the cellular level. BMSCs were �rstly
in�ammatory stimulated with LPS, and then subjected to different doses of IR to study the polarization
pro�le of macrophages. The results in Fig. 4 are in line with that obtained in Fig. 3, suggesting that low-
dose IR ≤ 2 Gy showed better e�cacy on the polarization of macrophages into M2 type, while high-dose
IR > 2 Gy is more likely to induce M1 polarization of macrophages. Combined with results in Fig. 1 and
Fig. 3, it is inferred that low-dose IR-caused M2 polarization of macrophages is bene�cial for the bone
repair in the rat cranial defect model, while high-dose IR-caused M1 polarization of macrophages has the
opposite effect.

Previous reports have all agreed that IR can in�uence the proliferation of osteoblasts, but the reported
dose and �nal effects (positive or negative) remained controversial. [27, 30–32] In our study, the results
from Fig. 5 suggested that BMSCs subjected to 2 Gy of IR showed an increased proliferation pro�le than
the untreated control group, while the higher dose to 4 Gy showed a negative effect on their proliferation
with reduced cell viability. These results suggest that the better bone repair performance of 2 Gy is related
to the increased proliferation of osteoblasts, which is similar to the results offered by Liang et al. [31]

In the above results, we have shown that the IR-caused bone repair might relate to two reasons: the cell
proliferation of osteoblasts and the polarization of macrophages. To further con�rm this conclusion,
BMSCs were cultured in OIM and subjected to different doses of IR, with/without the addition of
supernatants of Raw264.7 cells irradiated with corresponding doses of IR. In line with our suggestions,
the osteogenesis differentiation of BMSCs was increased with the optimal dose appearing at 2 Gy
(Fig. 6A and 7A). As Fig. 5 revealed that 2 Gy of IR can increase the proliferation of BMSCs and previous
studies have con�rmed that proliferous BMSCs showed bene�cial effects on osteogenesis and bone
repair, [33, 34] it was concluded that the low-dose IR ≤ 2 Gy can exert a direct impact on bone repair
through the increased proliferation and osteogenesis differentiation of osteoblasts. Next, the effect of IR-
caused macrophages polarization on the bone repair was also studied. In the results of Fig. 6B and 7B, as
compared with that of Fig. 6A and 7A, the supplement of supernatants of low-dose irradiated Raw264.7
showed a signi�cant increase in the osteogenesis differentiation of BMSCs, indicating the strong effect
of M2-polarized macrophage on bone repair. In previous studies, [18, 35] the M2 polarization of
macrophages was demonstrated to secrete cytokines, including Prostaglandin E2 (PGE2) and Bone
Morphogenetic Protein-2 (BMP2), to promote the proliferation and osteogenesis differentiation of
osteoblasts, which represents the indirect way in the promotion of bone repair. In this experiment, we have
shown that the low-dose IR ≤ 2 Gy can show bene�cial effects on bone repair through both direct
(proliferation of osteoblasts) and indirect ways (M2 polarization of macrophages), while high-dose IR > 2
Gy shows the opposite effect, and more mechanisms are worth exploring.
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4. Conclusions
In this study, the rat cranial defect model revealed that low-dose IR ≤ 2 Gy signi�cantly promotes the
repair of bones, with the optimal dose lying at around 2 Gy. Low-dose IR ≤ 2 Gy induced M2 polarization
of macrophages, while high-dose IR > 2 Gy was more prone to enhance M1 polarization of macrophages
both in vitro and in vivo experiments. Moreover, low-dose IR ≤ 2 Gy showed enhanced proliferation of
BMSCs, while high-dose IR > 2 Gy showed impaired cell viability. The osteogenesis differentiation study of
BMSCs concluded that low-dose IR ≤ 2 Gy promoted osteogenesis of BMSCs by promoting cell
proliferation and M2 polarization of Raw264.7, while high-dose IR > 2 Gy had the opposite effect. Our
�ndings have revealed that low-dose IR ≤ 2 Gy promotes bone repair by indirectly promoting macrophage
M2 polarization and direct osteoblast proliferation, while high-dose IR > 2 Gy has the opposite effect,
which might offer inspirations for the following studies.

5. Methods

5.1 Materials
Lipopolysaccharides (LPS) was supplied by the Beyotime (Shanghai, China). NBT/BCIP tablets were
supplied by Roche Diagnostics GmbH (Germany). Alizarin Red, Fluorescein diacetate (FDA) and
Propidium Iodide (PI) were obtained from Solarbio Life Sciences (Beijing, China). RNA-Quick Puri�cation
Kit was obtained from ES Science (China). HiScript® II Q RT SuperMix for qPCR and AceQ® qPCR SYBR
Green Master Mix were provided by Vazyme (Nanjing, China). CD68 monoclonal antibody (ED1), CD80
(B7-1) monoclonal antibody (3H5), and Goat anti-rabbit IgG (H + L) secondary antibody, PE-Cyanine 5.5
were supplied by Invitrogen (China). CD206 antibody was obtained from Santa Cruz Biotechnology
(U.S.A.), Recombinant Anti-CD163 antibody was supplied by Abcam (U.S.A.). RUNX2 Rabbit mAb was
supplied by Cell Signaling Technology Inc. (U.S.A.) PE-anti rat CD86 antibody, APC goat anti-mouse IgG
antibody, and APC/Cyanine 7 streptavidin were obtained from Biolegend.

5.2 In vivo Osteogenesis Evaluation
All animal experiments were approved by the Nanjing Medical University Ethics Committee. Male SD rats
(200–250 g) were obtained from Suzhou Sinocell Technology Ltd.

Male Sprague Dawley rats weighing 200–250 g were conducted to drilling operations to construct cranial
defect models. Brie�y, the rats were �rstly anesthetized by intraperitoneal injection of 1% pentobarbital
sodium. Subsequently, an incision with the appropriate size was made over the scalp with a scalpel for
the exposure of cranium. The periosteum was splitted for the exposure of underlying bone. A trephine drill
was used to create a 5-mm-diameter cranial defect on one side of the midline under continuous sterile
saline irrigation. Finally, the incisions were sutured after drilling.

The rats were randomly divided into �ve groups after the operation (n = 3). The following treatments were
conducted the next day: Group I did not receive any therapy, Group II-V received 0.5, 1, 2, 4 Gy X-ray
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radiation by the linear accelerator In�nity (Elekta Corporation, Sweden), respectively. After four weeks of
feeding, the rats were sacri�ced, the craniums of rats were removed and �xed in formalin. Micro-
computed tomography (Micro-CT, SkyScan 1176, Belgium) was used to evaluate the craniums with the
following settings: voltage: 65 kV, electricity: 385 µA, Al �lter: 0.5 mm. The two-dimensional (2D) and
three-dimensional (3D) structures of the cranium were reconstructed using Mimics software. Bone
volume/tissue volume (BV/TV) and trabecular thickness (Tb.Th) were analyzed by CT Analyser software.

5.3 Immunohistochemical staining
Immunohistochemical staining was performed to evaluate the expression of osteogenesis speci�c
biomarkers. The immunohistochemistry of RUNX2 was performed as follows: the samples were added
with cold acetone for �xation, then cultured with 5% goat serum for 1 h. After that, the sections were
incubated with the primary antibody of RUNX2 for 12 h at 4°C. Finally, the secondary antibody was added
and incubated for 2 h, and the samples were observed by a light microscopy.

5.4 Macrophage polarity in the blood
According to the above methodology, SD rats were modeled with cranial defect, and divided into the
following �ve groups (n = 3) for IR on the second day: Group I served as blank controls without IR
treatment, Group II-V received 0.5, 1, 2, 4 Gy X-ray IR, respectively. The day of IR was recorded as Day 0,
and blood samples were taken from the orbit of each rat on Day 1, 3, 8, and 14. PBMC were separated
from the blood samples by Lymphoprep according to the protocols. Separated samples were �rstly
labeled with CD206 antibody and recombinant anti-CD163 antibody for 30 min, then APC Goat anti-
mouse IgG antibody and PE-Cyanine 5.5 were applied. After staining of CD163 and CD206, the samples
were treated with CD80 monoclonal antibody and PE-anti rat CD86 antibody for 30 min, then stained with
APC/Cyanine 7 streptavidin. After the labeling of cell surface antibody, the samples were �xed with 4%
paraformaldehyde, permeated with intracellular staining perm wash buffer (1X), and stained with PE-anti
rat CD86 antibody. Flow cytometry (BD FACSCanto II, U.S.A) was conducted to determine macrophage
polarity markers in the blood samples. The sampling and detection process of the polarity changes of
macrophages in healthy rats after IR were provided by supporting information.

5.5 Cell culture
Raw264.7 cells were cultured in Dulbecco's modi�ed Eagle's medium (DMEM, high glucose)
supplemented with 10% fetal bovine serum in a 37 ℃ incubator. The trypsin-EDTA solution was used to
trypsinize the cells. BMSCs were cultured with DMEM (low glucose) instead of DMEM (high glucose).

5.6 RT-PCR analysis
Raw264.7 cells were seeded in 6-well plates (2×105 per well), and incubated for 24 h. After culturing, the
cells were stimulated by lipopolysaccharide (LPS, 500 ng/mL) for 24 h, rinsed with PBS, replaced with
fresh culture medium, then irradiated with various doses (0, 0.5, 1, 2, 4 Gy) of IR, and continued to
incubate for 12 h. Messenger RNA (mRNA) was extracted using an RNA-quick puri�cation kit. Then, the
RNA samples were added with supermix, reverse-transcribed into complementary DNA at 50°C for 15 min,



Page 10/21

85°C for 5 min. The qRT-PCR assay was conducted within the mixture using AceQ® qPCR SYBR Green
Master Mix. Finally, the mRNA expression of macrophage M1 polarization marker genes IL-1β, iNOS, and
M2 polarization marker genes BMP2, CD206, were quanti�ed using a real-time PCR detection system
(ViiA7, ThermoFisher Scienti�c). The relative mRNA expression levels of the target genes were normalized
using GAPDH, and gene expression was calculated using the 2−ΔΔCT method. Primers used in this study
are displayed in Table 1.

5.7 Cell proliferation and viability
The MTT assay was employed to determine the cell proliferation of BMSCs under different doses of IR (0,
0.5, 1, 2, 4 Gy). In brief, BMSCs cells were seeded into 96 well plates (6×103 cells/well) and incubated for
12 h, then treated with different doses of IR (0, 0.5, 1, 2, 4 Gy) and returned to the incubator for further
cultivation (24, 48 and 72 h). MTT solution (5 mg/mL, 20 µL) was added to each well at determined time
intervals for another 4 h of incubation. The medium was removed, and 200 µL of DMSO was added,
which was used to dissolve the formazan crystals. The whole plate was shaken at 37 ℃ for 30 min, then
subjected to measurement at 570 nm using a spectrophotometer (Epoch, BioTek). Untreated cells were
selected as blank control.

BMSCs cells were seeded into 24 well plates (3×104 cells/well) and allowed to grow for 12 h. Then cells
were treated with different doses of IR (0, 0.5, 1, 2, 4 Gy) and returned to the incubator for further
cultivation of 72 h. FDA (50 µg/mL) and PI (5 µg/mL) were added to the medium for the staining of live
and dead cells. Afterwards, cells were washed gently by PBS twice and subjected to observation using an
inverted �uorescence microscope (iX71, Olympus).

5.8 In vitro osteogenic differentiation tests
To differentiate BMSCs into osteoblasts, different extracts were used to make up an OIM supplemented
with 2 mM β-glycerophosphate, 10 nM dexamethasone, and 100 µM ascorbic acid. Standard growth
medium was regarded as the control. To study the effect of macrophage polarization on the osteogenesis
ability of BMSCs, the supernatants of Raw264.7 cells after irradiation with different doses after cultured
for 12 hours were collected and co-cultured with BMSCs.

Six well plates were added with 0.1% gelatin solution (0.5 mL) and placed in the incubator for 1 h, then
the gelatin solution was removed. Afterwards, BMSCs cells were seeded into treated-6 well plates (1×104

cells/well, marked as Day1). On Day3, the primary medium was replaced by a different medium, and the
arranged groups were listed as follows: 1) Group I: low glucose DMEM; 2) Group II: OIM; 3) Group III-VI:
OIM + 0.5, 1, 2, 4 Gy IR, respectively; 4) Group VII: OIM + supernatant of Raw264.7 cells (without radiation);
5) Group VIII-XI: OIM + 0.5, 1, 2, 4 Gy IR + supernatant of Raw264.7 cells (with the corresponding dose of
radiation), respectively. The medium was replaced every three days for two weeks. On Day13, the cells
were �xed with 4% paraformaldehyde for 15 min. NBT/BCIP color substrate solution was prepared by
adding one tablet into 10 mL water. The cells were stained with NBT/BCIP color substrate solution for 20
min at 37°C, and observed under an optical microscopy. At Day 21, the cells were �xed with 4%
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paraformaldehyde for 15 min, and stained with Alizarin Red for 20 min at 37°C. Then the samples were
washed with PBS to remove nonspeci�c staining and directly observed by the optical microscopy.

5.9 Statistical Analysis
All data are presented as the mean value ± standard deviation from at least three independent
measurements. Differences between groups were analyzed with a two-tailed non-paired Student’s t-test,
and mean differences with P < 0.05 were considered statistically signi�cant, P < 0.01 represent markedly
signi�cant differences. The corresponding markers in the �gures are de�ned as *P < 0.05 and **P < 0.01,
respectively.

6. Abbreviaitons
ALP: alkaline phosphatase

BMP2: bone morphogenetic protein-2

BMSCs: rat bone marrow mesenchymal stem cells 

FDA: �uorescein diacetate

IR: irradiation 

LPS: lipopolysaccharides 

OCN: osteocalcin 

OIM: osteoblastic induction medium

OPN: osteopontin

PBMC: peripheral blood mononuclear cells

PGE2: prostaglandin E2

PI: propidium iodide
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RUNX2: runt-related transcription factor 2
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Figure 1

Micro-CT analysis of the cranium after different doses of IR for 28 days. (A) 3D-reconstruction of cranium
in different groups. (B) Sagittal view of rat cranial defect in different groups. (C, D) Micro-CT analysis of
BV/TV (C) and Tb.Th (D). NS: no signi�cant difference, *P<0.05, **P<0.01, ***P<0.001. The error bars in
the graphs represent the standard deviation (n = 3). 
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Figure 2

Immunohistochemical staining of RUNX2 (200×) in cranium after different doses of IR for 28 days.
Brown precipitation represents positive staining. Scale bars, 100 μm.
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Figure 3

Flow cytometric quantitative results of macrophage M1 and M2 markers from the blood samples of the
bone defect model rats on Day1 (A), Day3 (B), Day8 (C) and Day14 (D) after IR. The error bars in the
graphs represent the standard deviation (n = 3).     

Figure 4

Raw264.7 cells were exposed to LPS in�ammatory stimulation (500 ng/mL, 24 h), then irradiated by
different doses of IR, and cultured for 24 h. RT-PCR was used to determine the intracellular mRNA
expression of M1 markers (A) IL-1β, (B) iNOS, and M2 markers (C) BMP2, (D) CD206. NS: no signi�cant
difference, *P<0.05, **P<0.01, ***P<0.001. The error bars in the graphs represent the standard deviation (n
= 3).
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Figure 5

The effects of different doses of IR on the proliferation of BMSCs. (A) MTT assay of BMSCs at 24, 48,
and 72 h post-IR. (B) BMSCs were stained with FDA/PI at 72 h post-IR. Green: FDA, red: PI. *P<0.05,
**P<0.01. The error bars in the graphs represent the standard deviation (n = 3). Scale bar, 50 μm.
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Figure 6

ALP staining of BMSCs with different treatments at day 13. (A) BMSCs treated with OIM and different
doses of IR. (B) BMSCs treated with OIM, different doses of IR, and supernatants of Raw264.7 cells
irradiated with corresponding doses IR. Scale bar, 100 μm.
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Figure 7

AR staining of BMSCs with different treatments at day 21. (A) BMSCs treated with OIM and different
doses of IR. (B) BMSCs treated with OIM, different doses of IR, and supernatants of Raw264.7 cells
irradiated with corresponding doses of IR. Scale bar, 100 μm.
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