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Abstract. Recently, research into the biological effects of 
low dose X‑ray irradiation (LDI) has been a focus of interest. 
Numerous studies have suggested that cells exhibit different 
responses and biological effects to LDI compared with high 
doses. Preliminary studies have demonstrated that LDI may 
promote osteoblast proliferation and differentiation in vitro, 
thereby accelerating fracture healing in mice. However, the 
exact mechanism of action by which LDI exerts its effects 
remains unclear. Previous studies using microarrays revealed 
that LDI promoted the expression of genes associated with 
the cytoskeleton. In the current study, the effect of X‑ray 
irradiation (0.5 and 5 Gy) on the morphology of MC3T3‑E1 
cells and fiber actin organization was investigated. Osteoblasts 
were treated with 0, 0.5 and 5 Gy X‑ ray irradiation, following 
which changes in the actin cytoskeleton were observed. The 
levels of RhoA, ROCK, cofilin and phosphorylated‑cofilin 
were measured by reverse transcription‑quantitative PCR and 
western blotting. Subsequently, osteoblasts were pretreated 
with ROCK specific inhibitor Y27632 to observe the 
changes of actin skeleton after X‑ray irradiation. The results 
demonstrated that the cellular morphological changes were 

closely associated with radiation dose and exposure time. 
Furthermore, the gene expression levels of small GTPase RhoA 
and its effectors were increased following LDI. These results 
indicated that the RhoA/Rho‑associated kinase pathway may 
serve a significant role in regulating LDI‑induced osteoblast 
cytoskeleton reorganization.

Introduction

X‑rays are a type of ionizing radiation widely used in medi‑
cine, such as during imaging examinations and radiotherapy 
of malignant tumors (1). Previous studies have shown that high 
dose X‑rays can lead to bone loss, which increases the risk of 
fractures (2,3) that do not heal easily (4,5).

Luckey previously proposed the theory of excitation effect 
of low dose X‑ray irradiation (LDI), which has become a focus 
of interest over the years (6). Previous studies investigating 
bone tissue have revealed that LDI promotes osteoid matrix 
proliferation and mineralization (7,8). Furthermore, low dose 
X‑rays are widely used in different branches of medicine, 
particularly in orthopedics (1). Patients with orthopedic 
diseases, including fracture and lumbar degenerative diseases 
often receive multiple doses of X‑rays during therapy (9,10). 
Due to this, low dose X‑rays have vital significance.

Previous research has shown that LDI could promote 
osteoblast proliferation and differentiation, whilst high dose 
X‑rays can lead to bone loss (8,9,11,12). In a previous study, LDI 
promoted osteoblast differentiation and accelerated fracture 
healing in mice (12,13). Additionally, Park et al (7) demon‑
strated that doses of 1 and 2 Gy X‑ray radiation significantly 
increased differentiation and mineralization of osteoblasts. 
However, the molecular mechanism by which LDI exerts its 
effects has not been elucidated. LDI may be associated with 
altered gene expression that is related to signal transduction, 
cell cycle regulation and cytoskeleton reorganization (14).

Microarrays demonstrated that LDI induced significant 
upregulation of LIM domain kinase 2 (LIMK2), and that 
this was associated with cytoskeleton reorganization (15‑17). 
Furthermore, Kurpinski et al (18) reported that cytoskeleton 
and receptor signaling of human mesenchymal stem cells were 
uniquely activated in response to 0.1 Gy LDI.

The current study hypothesized that LDI may cause cyto‑
skeleton rearrangement and affect cell morphology. Changes 
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in cytoskeleton reorganization may be the structural basis for 
the exchange of intracellular and extracellular information 
following LDI stimulation. The changes in adhesion signals 
may also affect biological processes, such as osteoblast prolif‑
eration and differentiation (19,20).

The cytoskeleton is mainly composed of actin micro‑
filaments, which act as a mechanical support framework that 
maintains cell morphology, transduces various intracellular 
signals (21) and serves a crucial role in cell adhesion, motility, 
division and differentiation (22). Additionally, Ricci et al (23) 
reported that intact cytoskeletal actin filaments contribute to 
cell survival. The cytoskeleton is sensitive to extracellular 
stimuli, which can cause rapid reorganization of the actin 
cytoskeleton (23). Various stimuli, including fluid shear 
stress, magnetic field and ultrasound, regulate the actin cyto‑
skeleton (24‑27). The appropriate intensity of these stimuli 
may promote the reorganization of the cytoskeleton, thereby 
altering cell functions (24).

Nonetheless, few studies have addressed the effect of LDI 
on the osteoblast cytoskeleton. Onoda et al (28) demonstrated 
that LDI induced the reorganization of fiber (F) actin microfila‑
ments of pulmonary microvascular endothelial cells. However, 
24 h post‑irradiation, the depolymerized microfilaments 
reverted to their pre‑irradiation states. These results indicated 
that various complex pathways may regulate the process of 
actin reorganization.

Small GTPases of the Rho family have been researched 
extensively. RhoA and its effectors serve a crucial role in regu‑
lating cytoskeleton arrangement and various essential cellular 
processes, including proliferation and differentiation (29,30). 
RhoA is the prototypical member of the Rho family and 
responds to plasma membrane receptors for various stimuli, 
including cytokines and environmental stress (31). Furthermore, 
RhoA controls stress‑mediated fiber formation by regulating 
certain downstream key proteins (31,32). The most extensively 
studied RhoA effector protein is Rho‑associated kinase 
(ROCK) 1, which mediates actin contractility by phosphory‑
lating myosin light chains (31,32). Moreover, ROCK proteins 
may phosphorylate and activate LIMKs, which phosphorylate 
cofilin (31,32). Cofilin is involved in the reorganization of the 
actin cytoskeleton (33).

The present study investigated the effects of X‑ray irradia‑
tion on the morphology and cytoskeleton of MC3T3‑E1 cells. 
Additionally, the roles of the RhoA/ROCK pathway in this 
process were investigated to determine the biological effects 
of LDI.

Materials and methods

Cell culture. Pre‑osteoblastic MC3T3‑E1 cells were obtained 
from the Institute of Biochemistry and Cell Biology. A total of 
1x105 cells were cultured in α‑MEM supplemented with 10% 
FBS, 5 mM β‑glycerophosphate, 50 µg/ml ascorbic acid and 
100 nM dexamethasone (all Sigma‑Aldrich; Merck KGaA) at 
37˚C with 5% CO2. Fresh medium was replaced every three 
days and cells were sub‑cultured at 80% confluency.

Irradiation of osteoblastic cells. A total of 2x104 MC3T3‑E1 
cells were exposed to 0 (control), 0.5 or 5 Gy X‑ray irra‑
diation (at a rate of 200 cGy/min) emitted by a medical linear 

accelerator (Siemens Primus) at room temperature using a 
6 MV radiation source. The time at irradiation was defined 
day 0.

Transmission electron microscopy (TEM). MC3T3‑E1 cells 
were cultured for 3 days, fixed in 2.5% glutaraldehyde for 2 h 
at 4˚C and rinsed three times (15 min each time) with 0.1 M 
sodium phosphate buffered saline (PBS). Post‑fixation was 
then performed with 1% osmium tetroxide (Beyotime Institute 
of Biotechnology) for 3 h at room temperature. Subsequently, 
the cells were dehydrated through an ascending gradient 
of ethanol and immersed in acetone. Samples were then 
embedded and double stained in 2% aqueous uranyl acetate 
and Satoh's lead citrate at 4˚C for 2 h, and observed with a 
transmission electron microscope (magnification, x5,000; 
JEM‑1200EX; JEOL, Ltd.) operated at 85 kV.

Labeling of F‑actin cytoskeleton for fluorescence microscopy. 
MC3T3‑E1 cells were seeded (1.0x104 cells/ml) on 
poly‑L‑lysine‑coated glass coverslips in 24‑well plates and 
cultured in an osteogenic differentiation medium (containing 
50 µg/ml ascorbic acid and 10 mM β‑glycerophosphate; 
Beyotime Institute of Biotechnology). Following X‑ray irra‑
diation, cells were gently washed with PBS at 37˚C at time 
points 2 h, 1, 3 or 5 days post‑irradiation. Cells were then 
fixed with 4% paraformaldehyde (pH 7.4) for 20 min at room 
temperature and permeabilized with 0.1% Triton X‑100 for 
5 min at room temperature. Cells were then washed three 
times with PBS and blocked with 1% bovine serum albumin 
(Beyotime Institute of Biotechnology) for 30 min at room 
temperature and incubated with FITC‑conjugated phalloidin 
(Sigma‑Aldrich; Merck KGaA; 1:100) in the dark for 1 h at 
room temperature. Cell nuclei were stained with 100 nM DAPI 
for 10 min at room temperature, followed by analysis using a 
fluorescence microscope (magnification, x200).

Actin is the main component of the cytoskeleton (21). 
FITC‑conjugated phalloidin is a specific dye for F‑actin and 
glows green after binding to polymerized F‑actin (23). F‑actin 
expression can be quantitatively analyzed according to the 
intensity of green fluorescence in cells. Therefore, the mean 
fluorescence intensity of each group of cells was calculated to 
compare the content of actin in each group.

ImageJ software (version 1.8.0; National Institutes of 
Health) was used to randomly analyze the images of six 
cells with clear boundaries within the slide and the average 
fluorescence intensity of each cell (average fluorescence 
intensity=fluorescence intensity/cell area) was measured as 
the analysis index. Data are presented as the mean ± standard 
deviation, and represented the mean fluorescence intensity. 
‘Area’ represents the total area of cells counted, ‘Min’ repre‑
sents the lowest fluorescence intensity and ‘IntDen’ represents 
the total fluorescence intensity.

Total RNA extraction and gene expression analysis by reverse 
transcription‑quantitative PCR (RT‑qPCR). MC3T3‑E1 cells 
were cultured in osteogenic differentiation medium following 
X‑ray irradiation. The cells were harvested on days 3 and 7 
after irradiation. Total RNA was extracted using TRIzol® 
(Invitrogen, Thermo Fisher Scientific, Inc.), according to 
the manufacturer's protocol. cDNA was obtained from total 
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RNA (1 µg) using RevertAid First Strand cDNA Synthesis kit 
(cat. no. K1622; Fermentas; Thermo Fisher Scientific, Inc.). 
The reaction system was incubated at 42˚C for 1 h, and treated 
at 70˚C for 10 min. The first cDNA strand was obtained and 
stored at ‑20˚C. qPCR was performed in a total volume of 20 µl, 
which consisted of 1 µl cDNA (500 ng), 1 µl gene‑specific 
10 µM PCR primer‑pair stock and 10 µl SsoFast™ EvaGreen® 
Mix (Bio‑Rad Laboratories, Inc.) using the Bio‑Rad CFX96 
system according to the manufacturer's protocol. The expres‑
sion of RhoA, ROCK1, LIMK2 and β‑actin was detected by 
RT‑PCR. The specific primers used are listed in Table I. The 
thermocycling conditions consisted of initial denaturation 
at 95˚C for 30 sec, followed by 40 cycles of 5 sec at 95˚C 
and 5 sec at 60˚C, which were subsequently followed by the 
melting curve test. The relative mRNA expression normalized 
to β‑actin was expressed as a fold change, which was calcu‑
lated using the comparative Ct (2‑ΔΔCq) method (34) using the 
control group as a reference with 2‑ΔΔCq=1.

Protein extraction and immunoblotting. A total of 1x106 
MC3T3‑E1 cells were lysed on ice with RIPA lysis buffer 
(Beyotime Institute of Biotechnology) containing protease and 
phosphatase inhibitors (Beyotime Institute of Biotechnology) 
after being cultured for 1, 3 or 5 days. The supernatant was 
collected by centrifugation at 12,000 x g for 15 min at 4˚C, and 
the protein concentration was quantified using a bicinchoninic 
acid assay (Beyotime Institute of Biotechnology). Protein 
samples (30 µg/lane) were resolved using 10% SDS‑PAGE 
and transferred onto PVDF membranes (EMD Millipore). 
Membranes were blocked with 5% non‑fat dried milk in 
Tris‑buffered saline with 0.1% Tween 20 (TBST) for 2 h at 
room temperature. Membranes were incubated overnight 
at 4˚C with the following antibodies: Rabbit anti‑cofilin 
(cat. no. 3312; dilution 1:1,000; Cell Signaling Technology, 
Inc.), rabbit anti‑ROCK1 (cat. no. 4035; dilution 1:2,000; 
Cell Signaling Technology, Inc.), rabbit anti‑phospho‑LIMK2 
(cat. no. 3845; dilution 1:2,000; Cell Signaling Technology, 
Inc.), rabbit anti‑phospho‑cofilin (cat. no. 3311; dilution 1:2,000; 
Cell Signaling Technology, Inc.) and β‑actin (cat. no. 4967; 
dilution 1:3,000; Cell Signaling Technology, Inc.). Following 
three washes with TBST, membranes were incubated with 
horseradish peroxidase‑conjugated anti‑rabbit IgG secondary 
antibody (cat. no. ab97200; dilution 1:2,000; Abcam) for 1 h 
at room temperature. Immunoreactive bands were visualized 
using enhanced chemiluminescence detection reagents (ECL; 
EMD Millipore) and images were captured using a chemilu‑
minescence imaging system (Kodak). Densitometric analysis 
was performed using the ImageJ software (version 1.8.0; 
National Institutes of Health).

RhoA activation assay. A total of 1x106 MC3T3‑E1 cells were 
harvested on days 1, 3 and 5 following X‑ray irradiation and 
lysed with RIPA buffer (Beyotime Institute of Biotechnology) 
buffer. the protein concentration was determined using a 
bicinchoninic acid protein assay kit (Beyotime Institute of 
Biotechnology). A total of 30 µl the supernatant was used to 
determine the expression of total RhoA. The remaining super‑
natant was used to isolate GTP‑bound RhoA using an Active 
GTPase Pull‑down kit (cat. no. 16116; Thermo Fisher Scientific, 
Inc.), which used the glutathione S‑transferase‑Rhotekin Rho 

binding domain (EMD Millipore), according to the manufac‑
turer's protocol. The eluted proteins were then separated using 
15% SDS‑PAGE, transferred to PVDF membranes (EMD 
Millipore). After blocking with 5% skim milk in TBST for 2 h 
at room temperature, the membranes were incubated overnight 
with specific anti‑RhoA antibodies (1:100; cat. no. sc‑418; 
Santa Cruz Biotechnology, Inc.). Total RhoA protein was 
detected via western blotting. Immunoreactive bands were 
visualized using ECL (EMD Millipore) and band intensity 
was quantified using ImageJ v1.8.0 software.

Y‑27632 inhibition of ROCK1. MC3T3‑E1 cells were pretreated 
with 10 µmol/l Y‑27632 (EMD Millipore) at 37˚C for 30 min 
prior to X‑ray irradiation. After being cultured for 1, 3 or 
5 days, cells in each group were labeled with FITC‑phalloidin 
to observe the changes in the cytoskeleton using the protocols 
aforementioned. The fluorescence intensity of the cells was 
quantitatively analyzed using ImageJ v1.8.0 software.

Alkaline phosphatase staining. MC3T3‑E1 cells were cultured 
in 24‑well plates at a density of 1x104 cells/well. Cells were then 
treated with the 0, 0.5 and 5 Gy X‑ray doses. The medium was 
discarded on day 7. Alkaline phosphatase staining was carried 
out using the Alkaline Phosphatase Assay Kit (cat. no. P0321, 
Beyotime Institute of Biotechnology) at room temperature for 
30 min according to the manufacturer's protocol and observed 
using an inverted light microscope (magnification, x10).

Alizarin red staining. MC3T3‑E1 cells were cultured in 
24‑well plates at a density of 1x104 cells/well and treated with 
0, 0.5 and 5 Gy X‑ray. The medium was changed once every 
3 days and discarded on day 12. After washing with PBS, cells 
were fixed with 4% paraformaldehyde at room temperature for 
20 min and were stained with 1% alizarin red dye (pH 4.2) 
at room temperature for 30 min. Mineralized nodules were 
visualized using a light microscope (magnification, x20).

Statistical analysis. Data are presented as mean ± SD and 
all experiments were performed in triplicate. Differences 
between the groups were analyzed by one‑way ANOVA 
followed by Student‑Newman‑Keuls test using SPSS software 
(version 18.0; SPSS, Inc.). P<0.05 was considered to indicate a 
statistically significant difference.

Results

Effects of irradiation on MC3T3‑E1 cell morphology. 
MC3T3‑E1 cells cultured in α‑MEM supplemented with 
10% FBS adhered and formed cell colonies with irregular 
morphology, mainly exhibiting fusiform shape, and had large 
nuclei and observable nucleoli. After 3 days, the cells aggre‑
gated in a semi‑confluent state, cell number increased and cell 
bodies were markedly enlarged. After 5 days, the cells formed 
confluent monolayers.

The unirradiated cells proliferated and exhibited small cell 
volumes, plump cell bodies and abundant cytoplasm, with cells 
in the dividing phase exhibiting irregular shapes (Fig. 1A). No 
notable difference was detected between the 0.5 Gy group 
and the control group (Fig. 1B). The 5 Gy group exhibited 
decreased cell numbers, enlarged cell bodies, homogenous 
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cytoplasm and reduced refraction. Additionally, numerous 
black particles and vacuoles were observed in the cytoplasm, 
along with multinucleated giant cells (as indicated by arrow; 
Fig. 1C).

Observation of microstructural changes by TEM. Cells in 
the control and the 0.5 Gy groups exhibited abundant intra‑
cellular organelles and had observable nuclei. Additionally, 
observation of intracellular Golgi bodies and endoplasmic 
reticulum was common, while that of lysosomes was rare 
(Fig. 2A and B). In the 5 Gy group, the nuclear chromatin 

was condensed, the number of organelles decreased and the 
number of enlarged vacuoles was increased (as indicated by 
the red arrows; Fig. 2C).

F‑actin staining. At 2 h post‑irradiation, cells in the 0.5 and 
5 Gy groups exhibited decreased size and F‑actin fluorescence 
intensity compared with controls (Fig. 3). Furthermore, the 
formation of stress fibers decreased and their arrangement was 
sparse, disorganized, discontinuous or broken. Additionally, 
the amount of crystallized actin increased in the treated cells, 
particularly in the 5 Gy group. After 1 day, F‑actin began to 

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

Gene  Forward primer sequence (5'‑3') Reverse primer sequence (3'‑5') Amplification length (bp)

β‑actin  GAGACCTTCAACACCCCAGC CCACAGGATTCCATACCCAA  446
RhoA CGCTTTTGGGTACATGGAGT GTGGGCTCAGTCAAAAGCTC 79
LIMK2  GTGGGCTCAGTCAAAAGCTC CCACAAGGGTGCAAAGAAAT 284
ROCK1  AGGCGGTGATGGCTATTATG CCCAACCAAAGAATCTGCAT 190

LIMK2, LIM domain kinase 2; ROCK1, Rho‑associated protein kinase 1.

Figure 1. Effects of irradiation on MC3T3 cell morphology. (A) Cells in the unirradiated group had small cell volumes, plump cell bodies and abundant 
cytoplasm. (B) Cell morphology in the 0.5 Gy group was similar to that of the unirradiated group. (C) The 5 Gy group exhibited increased cell volumes, and 
multinucleated giant cells and black particles were observed in the cytoplasm. Arrow indicates multinucleated giant cells. Magnification, x200.

Figure 2. Changes in intracellular microstructure of MC3T3 cells following X‑ray irradiation. (A) The 0 Gy group exhibited abundant intracellular organelles 
and observable nuclei. Observation of golgi bodies and endoplasmic reticulum was common, while that of lysosomes was scarce. (B) The intracellular 
microstructure of the 0.5 Gy group was similar to that of the 0 Gy group, with an increased number of organelles. (C) The number of organelles decreased in 
the 5 Gy group, while the number of lysosomes increased. Black arrow indicates endoplasmic reticulum. Red arrows indicate enlarged vacuoles and nuclear 
lysis. Magnification, x5,000.
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thicken and rearranged in the 0.5 Gy group and fluorescence 
intensity was significantly increased compared with controls 
(Fig. 4). At 3 days post‑irradiation, fluorescence intensity in 
the 0.5 Gy group was significantly increased compared with 
that in the 0 and 5 Gy groups (Fig. 4). By day 5, F‑actin fluores‑
cence intensity in the 0.5 Gy group returned to normal (Fig. 4).

ImageJ software was used to randomly analyze the images 
of six cells with clear boundaries within the slide and the 
average fluorescence intensity of each cell (average fluores‑
cence intensity=fluorescence intensity/cell area) was measured 
as the analysis index (Table II).

The results demonstrated that fluorescence intensity of the 
0.5 and 5 Gy groups were significantly decreased compared 
with controls following 2 h of X‑ray irradiation (P<0.05; 
Fig. 4). At 24 h post‑irradiation, intensity in the 0.5 Gy group 
was significantly increased compared with controls and the 
5 Gy group (P<0.05; Fig. 4). The fluorescence intensity in the 
5 Gy group was not significantly increased compared with 
controls (P>0.05; Fig. 4). Following 3 days irradiation, the 
intensity in the 0.5 Gy group reached a peak value that was 
significantly increased compared with the other two groups 
(P<0.05; Fig. 4). Additionally, the intensity in the 5 Gy group 
increased, but not significantly compared with controls. At 
5 days post‑irradiation, the fluorescence intensity of the 0.5 and 
5 Gy groups decreased, but not significantly when compared 
with controls (Fig. 4).

Effects of irradiation on RhoA, ROCK1 and LIMK2 
expression. Previous studies have revealed that LIMK1 and 
LIMK2 are activated by Rho GTPases (26,29,35). These mole‑
cules induce cytoskeleton reorganization by phosphorylating 
and inactivating the actin depolymerization of cofilin (35). 
The expression of genes associated with the formation of 
actin filaments, including RhoA, ROCK1 and LIMK2, were 
examined using RT‑qPCR on days 3 and 5 days following 

Figure 3. Low dose X‑ray radiation‑induced reorganization of the actin cytoskeleton was visualized using F‑actin staining in MC3T3 cells. Cells were irradi‑
ated for 24 h with 0, 0.5 or 5 Gy X‑rays. Cells were then fixed and fluorescence‑labeled with FITC‑phalloidin and stained with DAPI. Magnification, x200.

Figure 4. Comparison of average fluorescence intensity of F‑actin staining 
in 0, 0.5 and 5 Gy groups group. The values were presented in bar graphs as 
mean ± SD of average fluorescence intensity. *P<0.05 vs. 0 Gy.
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irradiation. The results demonstrated that RhoA, ROCK1 and 
LIMK2 expression was significantly upregulated following 
irradiation with 0.5 Gy compared with those irradiated with 
0 Gy (P<0.05; Fig. 5A‑C).

At 3 and 5 days post‑irradiation, the expression of RhoA 
in the 0.5 Gy group was significantly higher than that in the 
control and 5 Gy groups (P<0.05; Fig. 5A). Additionally, RhoA 
was significantly higher in the 5 Gy group compared controls 
3 days post‑irradiation; however, no significant difference was 
detected on day 5 (P>0.05; Fig. 5A). LIMK2 expression in the 
0.5 and 5 Gy groups was significantly higher compared with 
controls at 3 and 5 days post‑irradiation (P<0.05; Fig. 5C), 
but no significant difference was detected between the two 
groups (Fig. 5C). ROCK1 expression in the 0.5 Gy group 
was significantly higher compared with the control and 5 Gy 
groups at days 3 and 5 (P<0.05), but no significant difference 
was detected between the 5 and 0 Gy groups (Fig. 5B).

Synthesis of cytoskeletal proteins. RhoA, ROCK1, LIMK2, 
phosphorylated LIMK2 (p‑LIMK2), cofilin and phosphorylated 

cofilin (P‑cofilin) protein expression was assessed by western 
blotting (Figs. 6‑9) and RhoA, ROCK1, LIMK2, phosphory‑
lated LIMK2 (p‑LIMK2) demonstrated similar expression 
levels when compared with mRNA expression. The expression 
levels of cofilin and phosphorylated cofilin (p‑cofilin) were 
consistent with other cytoskeletal related proteins.

RhoA activation via GTP‑loading in X‑ray‑irradiated 
osteoblasts was analyzed to determine the significance 
of RhoA in radiation response. A low level of GTP‑RhoA 
was detected in non‑irradiated (0 Gy) cells (Fig. 7A). This 
level increased significantly at 1 day post‑irradiation in the 
0.5 Gy group compared with controls and the 5 Gy group 
(Fig. 7A), indicating that RhoA was rapidly activated in 
osteoblasts. This increase was most pronounced on day 3 
in the 0.5 Gy group compared with controls and the 5 Gy 
group (Fig. 7A). No significant difference was observed in 
the total RhoA level between groups (Fig. 7B). The variation 
trend of active‑RhoA/RhoA ratio in each group was similar 
to that of active‑RhoA (Fig. 7C). Furthermore, P‑LIMK2 
expression significantly increased on days 3 and 5 following 

Table II. Fluorescence intensity of fiber actin in MC3T3‑E1 cells following X‑ray irradiation.

A, 2 h post‑irradiation     

Radiation dose (Gy)  Area Mean ± SD Min IntDen P‑valuea

0 256,956  29.107±13.296 15 7,479,102 /
0.5 250,396 25.329±12.209 12 6,342,378 0.045
5 248,358 27.021±13.049 12 6,710,960 0.036

B, 1 day post‑irradiation     

Radiation dose (Gy)  Area Mean ± SD Min IntDen P‑value

0 213,267 30.865±14.266 22 8,075,451 /
0.5 270,394 37.176±16.750 16 10,052,197 0.038
5 200,453 36.728±15.782 12 7,362,259 0.525

C, 3 days post‑irradiation     

Radiation dose (Gy)  Area Mean ± SD Min IntDen P‑value

0 264,269 35.645±17.213 10 9,419,783 /
0.5  253,611 38.687±18.072 15 9,811,449 0.047
5 285,670 36.039±12.128 12 10,295261  0.325

D, 5 days post‑irradiation     

Radiation dose (Gy)  Area Mean ± SD Min IntDen P‑value

0 198,053 27.309±15.039 13 5,408,629 /
0.5 275,760 28.527±14.107 18 7,866,606 0.416
5 251,803 27.258±13.322 9 6,863,646 0.512

avs. 0 Gy group. Area, total area of cells counted; SD, standard deviation; Min, lowest fluorescence intensity; IntDen, total fluorescence 
intensity.
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Figure 5. Relative (A) RhoA, (B) ROCK1, and (C) LIMK2 mRNA expression in irradiated MC3T3‑E1 cells in response to different doses of X‑ray irradiation. 
*P<0.05 vs. 0 Gy. ROCK1, Rho associated kinase 1; LIMK2, LIM domain kinase 2.

Figure 6. Low dose X‑ray irradiation‑induced rapid GTP loading of RhoA and LIMK2 phosphorylation. Active GTP‑bound RhoA expression was determined 
using a glutathione S‑transferase pull‑down assay. Expression of active RhoA, total RhoA, P‑LIMK2 and LIMK2 in MC3T3‑E1 cells following X‑ray irradia‑
tion were visualized via western blotting. LIMK2, LIM domain kinase 2; P‑LIMK2, phosphorylated LIM domain kinase 2.
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0.5 Gy irradiation compared with controls and 5 Gy groups 
(Fig. 7D). No significant difference was observed in the total 
LIMK2 level between groups (Fig. 7E). The variation trend 
of p‑LIMK2/LIMK2 ratio in each group was similar to that 
of p‑LIMK2 (Fig. 7F). These results indicated that RhoA was 
a critical downstream regulator of X‑ray irradiation‑induced 
actin reorganization.

At 1 day post‑irradiation, ROCK1 expression in the 0.5 Gy 
group was significantly increased compared with the control 
group. On day 3, ROCK1 expression was also significantly 
increased compared with controls (P<0.05, Fig. 9C) and 
reached a peak value at day 5 (P<0.05, Fig. 9C). Furthermore, 
P‑cofilin level was higher 1 day post‑irradiation in the 0.5 Gy 
group compared to the control and 5 Gy groups, but this differ‑
ence was not statistically significant (Fig. 9A). However, there 
was a statistically significant increase in expression on days 
3 and 5 post‑irradiation in the 0.5 Gy group compared with 
the control groups (P<0.05; Fig. 9A). Additionally, P‑cofilin 
expression was significantly higher in the 5 Gy group compared 
with controls on days 3 and 5 (Fig. 9A). Furthermore, cofilin 
expression was not significantly different between groups on 
days 1 and 3 post‑irradiation; however, on day 5 expression 
was significantly increased in the 0.5 Gy group compared with 
control and 5 Gy groups (P<0.05; Fig. 9B). The expression 
of P‑cofilin/cofilin was significantly higher in the controls 
compared with the 0.5 and 5 Gy groups on day 1 (P<0.05; 
Fig. 9D). However, P‑cofilin/cofilin expression was signifi‑
cantly increased in the 0.5 and 5 Gy groups compared with 
controls on day 3, and between the 0.5 group and controls on 
day 5 (P<0.05; Fig. 9D). No significant difference was detected 
between the 0.5 and 5 Gy groups on all timepoints tested 
(Fig. 9D).

F‑actin staining in cells pretreated with ROCK1 inhibitor 
Y‑27632 (10 µmol/l) for 30 min prior to X‑ray irradiation. 
The results demonstrated green fluorescence in all cells 
1 day following X‑ray irradiation and Y‑27632 pretreatment 
(Table III, Fig. 10A‑C). However, fluorescence intensity was 
significantly weaker in the 0 Gy group compared with other 
groups after 1 day. Deformed tension fibers and unorganized 
thin filaments were observed (Fig. 10A). The fluorescence 
intensity of all groups was increased on day 3 compared with 
the intensity on day 1 (Fig. 5B). This intensity was further 
increased on day 5 and the tension fibers were organized and 
had returned to baseline (Fig. 10C).

At 1 day post‑irradiation and ‑Y‑27632 treatment, no 
significant difference was detected in the fluorescence inten‑
sity between the 0.5 and 5 Gy groups and controls (Fig. 10D). 
However, 3 days post‑irradiation and ‑treatment, the fluores‑
cence intensity and the number of tension fibers of all groups 
increased. Additionally, the fluorescence intensity of cells in 
the 0.5 Gy group was significantly increased compared with 
the control and 5 Gy groups (P<0.05; Fig. 10D). By day 5, the 
tension fibers were arranged into stress fibers, F‑actin gradu‑
ally returned to baseline and no significant difference was 
detected in fluorescence intensity among the groups (P>0.05; 
Fig. 10D).

Identification of osteoblasts. Following alkaline phosphatase 
staining, the cytoplasm of osteoblasts with purple granules, 
indicating staining was positive for alkaline phosphatase 
expression on the cell membrane surface of the osteoblasts 
(Fig. 11). Alkaline phosphatase serves as a marker enzyme for 
the differentiation and maturation of osteoblast, indicating the 
various stages of osteoblast differentiation (36).

Figure 7. The immunoblots of (A) active RhoA, (B) total RhoA, (C) normalized Rho GTP, (D) P‑LIMK2, (E) LIMK2 and (F) normalized P‑LIMK were 
analyzed using densitometry. The results are presented in bar graphs as mean ± S.D. *P<0.05. P‑LIMK2, phosphorylated LIM domain kinase 2; LIMK2, LIM 
domain kinase 2.
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Following 21 days in culture, the osteoblasts converged 
and showed multiple layers of overlapping growth. Their cell 
arrangement centered on mineralized nodules. Following 
alizarin red staining, multiple orange mineralized nodules 

of various sizes were observed (Fig. 12). Mineralization is a 
critical biological characteristic of osteoblasts (36). The results 
showed a satisfactory mineralization function of the cultured 
osteoblasts.

Figure 8. Western blotting of ROCK1, cofilin and P‑cofilin in MC3T3‑E1 cells following X‑ray irradiation. ROCK1, Rho associated kinase 1; P‑cofilin, 
phosphorylated cofilin.

Figure 9. Low dose X‑ray irradiation promoted ROCK1 and P‑cofilin expression in MC3T3 cells. (A) P‑cofilin, (B) cofilin, (C) ROCK1 normalized to β‑actin 
and (D) normalized P‑cofilin. *P<0.05.
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Discussion

The cytoskeleton is dynamic network of interconnected 
polymers that regulates the mechanical properties of cells 
and maintains cell morphology, cell division and intracellular 
transportation (37,38). Additionally, the cytoskeleton is closely 
associated with cell migration, phagocytosis, pinocytosis and 
secretion (39,40) and serves a major role in transducing a 
variety of intracellular signals (41). Therefore, changes in the 
cytoskeleton inevitably affect cell function.

The cytoskeleton mainly consists of microtubules, micro‑
filaments and intermediate filaments (21). Microfilaments are 
mainly composed of actin in the form of free globular (G‑) or 
F‑actin (21). Mechanical stimulation causes intracellular free 
G‑actin aggregation, resulting in the formation of F‑actin (26). 
Microfilaments serve a role in maintaining cell morphology, 
tight intercellular connections and extracellular matrix adhe‑
sion and are sensitive to ionizing radiation (42). The dynamics 
of actin polymerization and depolymerization regulate cell 
movement, adhesion and the cell division cycle (43). Ionizing 
radiation can damage the membrane cytoskeleton, which 
affects cellular function (43).

In the current study, X‑ray irradiation caused intracellular 
morphological and microstructural changes in osteoblasts. 
Cells irradiated by 0 and 0.5 Gy X‑rays exhibited abundant 
intracellular organelles, such as Golgi bodies and endoplasmic 
reticulum, which are related to the enhancement of cell prolif‑
eration and differentiation (13). However, in cells irradiated with 
5 Gy X‑rays, the nuclear chromatin condensed, the number of 

lysosomes increased and the number of intracellular organelles 
decreased. Additionally, various necrosis‑related changes, 
including enlarged vacuoles and homogeneous nuclear lysis, 
were observed. These results were hypothesized to be related to 
direct cellular damage caused by high doses of radiation.

A previous in vitro study demonstrated that ionizing radia‑
tion can damage cellular actin networks and endothelial cell 
barrier function (28). Human respiratory epithelial cell line 
alu3 and 16HBEl40 were treated with 2‑10 Gy irradiation and 
the results demonstrated that F‑actin was significantly reduced 
and intracellular crystallized actin expression was increased. 
These results indicated that radiation caused an increase in 
F‑actin depolymerization (44). Furthermore, these cytoskel‑
eton changes affected the connections between cells, resulting 
in increased permeability and the formation of cell gaps (44).

In the current study, unirradiated cells exhibited normal cell 
morphology and F‑actin was organized. At 2 h post‑irradiation, 
unirradiated cells shrank and became plump. Subsequently, 
F‑actin depolymerized and its fluorescence intensity decreased, 
which indicated a disorganized and discontinuous state, 
particularly in the 5 Gy group. The cause of these changes 
was attributed to ionizing radiation, which lead to cytoskel‑
eton damage, fracture and collapse. However, the 0.5 Gy 
group exhibited different changes. At 2 h post‑irradiation, the 
arrangement of microfilaments was disordered and discontin‑
uous, similar to that of the 5 Gy group. However, intracellular 
actin became thick and rearranged 24 h post‑irradiation. As 
a result, the fluorescence intensity increased, indicating that 
F‑actin expression was significantly increased following LDI. 

Table III. Fluorescence intensity of Y‑27632‑pretreated MC3T3‑E1 cells in each group.

A, 1 day post‑irradiation    

Radiation dose (Gy) Area Mean ± SD Min IntDen

0 277,623 22.035±11.503 13 6,117,423
0.5 272,308 23.513±11.986 15 6,402,778
5 190,825 22.761±17.157 13 4,343,367

B, 3 days post‑irradiation    

Radiation dose (Gy) Area Mean ± SD Min IntDen

0 252,417 26.306±15.477 7 6,640,082
0.5 232,329 31.277±11.777 15 7,266,554
5 260,815 26.502±13.742 13 6,912,119

C, 5 days post‑irradiation    

Radiation dose (Gy) Area Mean ± SD Min IntDen

0 238,070 30.361±16.946 10 7,227,973
0.5 284,840 32.241±14.872 13 9,183,526
5 284,334 30.307±16.136 3 8,617,311

Area, total area of the cells counted; SD, standard deviation; Min, lowest fluorescence intensity; IntDen, total fluorescence intensity.
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Cytoskeleton rearrangement occurred and was maintained 
for 5 days. Thus, the disordered cytoskeleton arrangement 
was hypothesized to be due radiation‑induced damage, 
where an as yet unknown repair system had been activated 
causing F‑actin rearrangement. These changes were similar 
to mechanical force‑induced cytoskeleton reorganization (26). 
Additionally, Ricci et al (23) demonstrated that 0.5 Gy X‑ray 
irradiation caused cytoskeleton reorganization and an increase 
in the number of stress fibers in the cytoplasm. However, the 

mechanisms involved in stimulating cellular signaling path‑
ways during DNA damage repair remain to be elucidated. 
In the current study, F‑actin expression post‑irradiation 
decreased gradually in a time‑dependent manner; however, at 
day 7 F‑actin fluorescence intensity was similar to baseline, 
indicating that the cytoskeleton changes induced by 0.5 Gy 
X‑ray were reversible. Furthermore, the F‑actin cytoskeleton 
in MC3T3‑E1 cells demonstrated decreased fluorescence 
intensity and disordered F‑actin when irradiated by 5 Gy.

Figure 10. ROCK1 inhibitor Y‑27632 pretreatment and F‑actin staining in MC3T3 cells. F‑actin staining of cells on post‑irradiation on days (A) 1, (B) 3 and 
(C) 5. (D) Y‑27632 partially inhibited LDI‑mediated actin reorganization. Magnification, x200.

Figure 11. Alkaline phosphatase staining. Following alkaline phosphatase staining, the cytoplasm of osteoblasts was purple granular, and the staining was 
positive. Magnification, x10.
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The results of the current study demonstrated that the 
expression of RhoA, LIMK2, ROCK1 and p‑cofilin increased 
during actin rearrangement following 0.5 Gy irradiation. These 
results provided evidence that RhoA/ROCK/LIMK2/cofilin 
constituted a pathway involved in the regulation of actin 
dynamics initiated by X‑ray irradiation. These results were 
in accordance with a previous study by Rousseau et al (45). 
Furthermore, LIMK2 was linked to Rho GTPases and, via 
direct substrate cofilin, to actin microfilaments. A previous 
study demonstrated that Rho GTPases and their effector, 
ROCK1, were involved in MC3T3‑E1 cells in response to flow 
shear stress, ultrasound and magnetic field (26). The results 
of the current study demonstrated the potential sequence of 
signaling as RhoGTPases regulating ROCK1, LIMK2 and 
cofilin to induce actin polymerization. However, the polymer‑
ization decreased on the 5th day post‑irradiation as compared 
to the control group, which might be related to negative feed‑
back regulation in the cells.

The current study demonstrated that the cofilin protein 
expression in the 0.5 and 5 Gy groups was higher than that in 
the non‑irradiation group. X‑ray irradiation was hypothesized 
to activate the Rho/ROCK pathway and increase the synthesis 
of P‑cofilin, which was derived from the intracellular synthesis 
of cofilin. On days 3 and 5 following X‑ray irradiation, the ratio 
of P‑cofilin/cofilin increased significantly in the 0.5 Gy group, 
indicating that the synthetic cofilin was converted to P‑cofilin. 
Additionally, the fluorescence intensity of F‑actin decreased 
in cells pretreated with Y‑27632. This further suggested that 
LDI‑induced cytoskeleton remodeling may occur through the 
Rho/ROCK1/LIMK2/cofilin pathway.

Gabry et al (46) demonstrated that radiation causes 
rapid rearrangement of actin in capillary endothelial cells, 
leading to the activation the RhoA/ROCK signaling pathway. 
Rousseau et al (45) revealed that following 15 Gy X‑ray 
irradiation, human microvascular endothelial cells exhibited 
cytoskeleton rearrangement and RhoA expression increased 
significantly. Previous studies have reported that 0.5 Gy LDI 
shrinks murine and bovine pulmonary capillary endothelial 
cells and increases intercellular space. These results were 
primarily attributed to the increase in actin depolymeriza‑
tion (28,47). Savla et al (44) demonstrated that bovine 
pulmonary artery endothelial cell permeability increased 
following 10 Gy irradiation, which disrupted the integrity 
of F‑actin and that the number of incomplete actin crystals 
increased with the random distribution of F‑actin in cells. 
Furthermore, Kantak et al (48) revealed that ionizing radiation 
induced the depolymerization of F‑actin in vascular endo‑
thelial cells, increasing in a dose‑dependent manner. These 

results may be related to cell type, cell sensitivity to radiation, 
culture environment and radiation dose.

The RhoA/ROCK signaling pathway is involved in the 
formation of the cytoskeleton, which promotes osteogenic 
differentiation by altering contact areas between the cells (49). 
Moreover, RhoGTPases are key mediators of the Wnt signaling 
pathway, which can influence cellular behavior through 
morphological and transcriptional changes (9). Therefore, 
the RhoA/ROCK signaling pathway may also interact with 
the Wnt signaling pathway, participating in LDI to promote 
osteoblast differentiation.

The initiating factor in ionizing radiation‑induced RhoA 
activation has not been fully elucidated. Cells may produce 
large amounts of ROS following irradiation (50‑52). RhoA 
has recently been discovered to be a target protein of reac‑
tive oxygen species (ROS) (53,54) ROS can activate multiple 
signaling pathways without ligand and receptor binding, 
thereby activating RhoA. Furthermore, ROS can activate 
stress‑activated protein kinase (SAPK) family molecules, 
including SAPK2/p38, which cause endothelial cell cyto‑
skeleton remodeling (55). Another putative pathway is the 
formation of sphingolipid ceramides on the cell membrane, 
which have been found to activate RhoA in vitro (56). 
Sphingolipid ceramindes act as critical messengers for trans‑
ducing cellular stress (57). Additionally, Torroba et al (58) 
revealed that the activation of RhoA in epithelial cells requires 
a parallel signaling pathway involving the activation of 
phosphatidylinositol 3‑kinase.

In conclusion, the results of the current study demonstrated 
that LDI caused reversible cytoskeleton reorganization. At a 
radiation dose of 5 Gy, MC3T3‑E1 cells exhibited damaged 
cytoskeletons, and decreased and disorganized actin content. 
The RhoA/ROCK1/LIMK2/cofilin pathway may be a possible 
mechanism involved in these changes. Since cytoskeleton 
is closely associated with cell function, further research 
into the effects of LDI‑induced actin reorganization on cell 
proliferation and differentiation is imperative.
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