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Irradiation alters the differentiation potential
of bone marrow mesenchymal stem cells
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Abstract. Bone injury following radiotherapy has been
confirmed by epidemiological and animal studies. However,
the underlying mechanism remains to be elucidated and
no preventive or curative solution has been identified for
this bone loss. The present study aimed to investigate the
irradiation-altered osteogenesis and adipogenesis of bone
marrow mesenchymal stem cells (BMSCs). BMSCs were
derived and exposed to y-irradiation at doses of 0, 0.25,
0.5, 1, 2,5 and 10 Gy. Cell viability was assessed using a
3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl tetrazolium bromide
assay, and clonal expansion in vitro was detected by colony
forming unit assessment. The osteogenic differentiation ability
was demonstrated by alkaline phosphatase (ALP) activity,
ALP staining and mineralization alizarin red staining, and
the adipogenic differentiation ability was determined using
Oil O red staining. The osteogenesis-associated genes,
RUNX?2, ALP, osteocalcin (OCN) and adipogenesis-associ-
ated genes, PPAR-y and C/EBPa, were detected using reverse
transcription-quantitative polymerase chain reaction analyses.
The protein expression levels of RUNX2, ALP and PPAR-y
were detected using western blotting. Compared with the
control, significant decreases in the proliferation, ALP activity
and mineralization ability of the BMSCs were observed in the
v-irradiation group, with a high level of correlation with the
exposure dose. However, no significant changes were observed
in the area of Oil red O positive staining. The mRNA levels
of RUNX2, ALP and OCN were decreased (P<0.05), however,
no significant changes were observed in the levels of C/EBPa
and PPAR-y. The protein expression levels of RUNX2 and
ALP were decreased in the irradiated BMSCs, however, no
significant difference was observed in the protein expression
of PPAR-y. Irradiation inhibited the osteogenic and adipogenic
ability of the BMSCs, and the osteogenic differentiation was
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decreased. The results of the present study provided evidence
to assist in further elucidating radiotherapy-associated side
effects on the skeleton.

Introduction

Radiation therapy is one of the most effective and indispens-
able treatment modalities for patients with cancer, and is used
for the effective control of local disease and for palliative
care (1). In a meta-analysis of individual patient data from
10,801 women in 17 randomized trials of radiotherapy following
breast-conserving surgery, radiotherapy reduced the 10 year
risk of any loco-regional or distant recurrence between 35.0
and 19.3%, and reduced the 15 year risk of breast cancer-asso-
ciated mortality between 25.2 and 21.4% (2). Improvements in
cancer detection and treatment, and an aging population has
resulted in increasing numbers of individuals living with and
surviving from cancer. In the US, 64% of adults diagnosed
with cancer are expected to survive at least 5 years (3), and the
actuarial survival data of Indian patients with breast cancer
with early stage disease at 10 years is 77% (4). However, the
use of radiotherapy is often associated with normal tissue
injury, which includes immediate and long-term damage to
the normal tissues. Chronic side effects in survivors becomes
a serious problem as the number of individuals treated and
their expected survival rates increase (5). The skeletal system
is one of the important targets for radiation-induced injury.
Bone injury following radiotherapy has been confirmed in
epidemiological and animal studies (6). A study involving
6,428 postmenopausal women who received radiotherapy
showed that the risk of pelvic fractures was increased by
65-216% (7). Epidemiological studies have suggested that
decreased bone mass is associated with increased adiposity
with ageing, bone loss and osteoporosis (6). Skeletal complica-
tions following radiotherapy have also been reported in breast,
pelvic, brain and blood cancer; with bone pain, pathological
skeletal fracture, spinal cord compression, decreased survival
rates and poor quality of life being reported (8-10).

Bone is one of the most commonly irradiated normal tissues,
and the irradiation of bone can lead to multiple morbidities,
including fracture and loss of marrow function (8). However,
the underlying mechanism remains to be elucidated and no
preventive or curative solution for this bone loss has been
identified. Previous studies have suggested that radiotherapy
is followed by bone loss, and is accompanied by increased fat
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content in bone marrow (9). Jia ef al demonstrated that a single
dose of radiation elicited a loss of bone mineral density (10).
At a cellular level, osteoblasts and adipocytes arise from the
same progenitor cells, bone marrow mesenchymal stem cells
(BMSCs), which can differentiate into multiple cell lineages.
Quantitative and qualitative stem cell defects may underlie
the modified number and function of differentiated cells (11).
Several previous studies have already examined hematopoi-
etic recovery following irradiation, however, investigation
into the bone marrow microenvironment has received less
attention (12-15). Friedensteinand and Kuralesova first demon-
strated that BMSCs exhibit high proliferation capacity and are
able to form bone and cartilage (16). In addition, as BMSCs
exhibit self-renewal, high proliferative and multiple differ-
entiation potentials are crucial in bone recovery following
irradiation, maintaining homeostasis with osteogenesis and
adipogenesis under physiological conditions. The proliferation
and growth are balanced with terminal differentiation, and
this balance is essential for the modeling, growth and mainte-
nance of the skeleton (17,18). A previous study suggested that
BMSCs maturation along the osteoblast lineage comes at the
expense of adipogenesis, and vice versa, with aging (19). The
observed inverse association between bone mass and fat mass
in the bone marrow microenvironment has been hypothesized
to be caused by enhanced differentiation of BMSCs into either
the osteoblastic or adipocytic lineages at the expense of the
alternative lineage (20). A study by Justesen et al supported
the hypothesis that, with aging and in osteoporosis, enhanced
adipogenesis is observed in the bone marrow, and that these
changes are inversely correlated with decreased trabecular
bone volume (21). However, other studies have found no
evidence for enhanced adipogenesis with aging, finding that
the adipocyte forming capacity of MSCs was similar in young
and old donors (22,23). The association between bone and
fat formation within the bone marrow microenvironment is
complex and remains an area of active investigation.

Modern radiation therapy aims to reduce side effects to
a minimum. The ability of the patients to tolerate therapy
is often determined by the potential of stem cells within the
marrow to repair the damage resulting from ionizing radiation
and to repopulate the marrow compartment (24). Therefore, it
is important to investigate the effect of irradiation on the shift
in differentiation between osteoblasts and adipocytes, and the
possible underlying mechanism. The present study aimed to
investigate the effect of irradiation on the proliferation and
differentiation of BMSCs, particularly the effect of osteoblasts
and adipocytes differentiation in vitro, to further elucidate
irradiation induced bone loss disease and cell-based therapy.

Materials and methods

BMSC isolation and culture. The present study was reviewed
and approved by the Committee for Ethical Use of Experimental
Animals at Fudan University (Shanghai, China). The BMSCs
were obtained from three male 2-4-week-old Sprague-Dawley
rats (Department of Experimental Animals, Fudan University,
Shanghai, China), which were housed at 20-26°C with a 16 h
light and 8 h dark cycle, and provided ad libitum food and
water. The rats were sacrificed by cervical dislocation and the
animal skeleton was washed in 70% ethanol. The femurs and
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tibias were dissected, and muscle and connective tissue were
removed. The end of the tibias and femurs were cut just below
the end of the marrow cavity. A 27-gauge needle, attached to a
10 ml syringe, containing complete media was inserted to flush
the marrow plug out of the cut end of the bone into a dish. The
cell suspension was added to 6 ml Ficoll isolation (Shanghai
Hua Jing Biological High Tech Co., Ltd., Shanghai, China) and
centrifuged at 400 x g at 24°C for 30 min. The cotton-like
cells were collected at the interface, and were rinsed twice
with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) in low glucose Dulbecco's
modified Eagle's medium (L-DMEM; GE Healthcare Life
Sciences, Logan, UT, USA). The whole cells were resuspended
in complete medium containing 10% FBS and 100 U/ml peni-
cillin/streptomycin (North China Pharmaceutical Co., Ltd.,
Shijiazhuang, China), and were seeded into a 25 cm? flask for
incubation at 37°C in a 5% CO, incubator. The non-adherent
cells were removed after 2 h by replacing the medium with
fresh complete medium. The medium was replaced every
3 days. On reaching a confluence of 80-90%, the medium
was discarded, and 0.5 ml of 0.25% trypsin (Sigma-Aldrich,
St. Louis, MO, USA)/1 mM ethylenediaminetetraacetic acid
(China Pharmaceutical Shanghai Chemical Reagent Co., Ltd.,
Shanghai, China) was added for 2 min at room temperature.
The trypsin was neutralized by adding complete medium. The
harvested cells were cultured in a 25 cm? flask (~1x10° cells/
well) at a ratio of 1:2 (25).

Flow cytometry. BMSCs were characterized using flow cyto-
metric analysis of cell surface markers (CD29, CD34, CD-44
and CD45). The cells after three passages (P3; ~1x107 cells/
well) were trypsinized and washed with phosphate-buffered
saline (PBS), and were subsequently resuspended in
0.5 ml PBS. Rat polyclonal anti-CD34-fluorescein isothio-
cyanate (1:1,000; cat. no. bs-2038R; FITC; Bioss Biosynthesis
Biotechnology Co., Ltd., Beijing, China), rat monoclonal
anti-CD29-FITC (1:1,000; cat. no. 555005; BD Biosciences,
San Jose, CA, USA), rat polyclonal anti-CD-44-FITC (1:1,000;
cat. no. FAB6577G; R&D Systems, Inc., Minneapolis, MN,
USA) and rat anti-CD45-FITC (1:500; cat. no. 554877,
BD Biosciences) antibodies were added separately, followed
by 30 min incubation in the dark at 4°C. The cells were rinsed
twice in PBS at 200 x g for 5 min, following which the cells
were washed in 1 ml PBS and analyzed using a flow cytom-
eter (Gallios; Beckman Coulter, Brea, CA, USA). At least
1x10° cells were acquired and analyzed. Unstained cells were
used as a control.

Differentiation assay. The P3 cells were trypsinized and seeded
at a density of 5x10*/cm? into 48 well plates for each group.
For osteogenic differentiation: The medium was replaced
with induction medium after 48 h. The osteogenic induction
medium contained 10-*mol/l dexamethasone (Sigma-Aldrich),
10 mmol/l B-glycerophosphate (China Pharmaceutical
Shanghai Chemical Reagent Co., Ltd.), 50 pg/ml ascorbic
acid (Sigma-Aldrich), 100 U/ml penicillin/streptomycin
and 10% FBS in L-DMEM. The induction medium was
replaced every 3 days. The osteogenic induction process was
performed for 1 week (37°C; 5% CQO,), and the process of was
continued for 3 weeks (37°C; 5% CO,). The induction process
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Table I. Primers used in revers transcription-quantitative polymerase chain reaction analysis.
Gene Forward primer (5'-3") Reverse primer (3'-5') Product length (bp)
ALP CTGAGCGCACGCGAGCAAC GGCGTGGTTCACCCGAGTGG 116
OCN GAACAGACAAGTCCCACAC GAGCTCACACACCTCCCTG 270
RUNX2 TGCCACCTCTGACTTCTGC GATGAAATGCCTGGGAACTG 111
PPAR-y ACGGTTGATTTCTCCAGCAT GGACGCAGGCTCTACTTTGA 138
C/EBPa GGAGGGACTTAGGGAGTTGG GGAAACCTGGCCTGTTGTAA 146
[-actin CACCCGCGAGTACAACCTTC CCCATACCCACCATCACACC 207

ALP, alkaline phosphatase; OCN, osteocalcin; RUNX-2, runt-related transcription factor 2; PPAR-y, peroxisome proliferator-activated

receptor-y; C/EBPa, CCAAT/enhancer-binding protein o.

of adipogenesis was performed by alternating between the
induction medium, comprising 10° mol/l dexamethasone,
0.5 mmol/l 3-isobutyl-1-methylxanthine (Sigma-Aldrich),
0.1 mmol/l indomethacin (Sigma-Aldrich), 100 U/ml peni-
cillin and streptomycin and 10% FBS L-DMEM, and the
maintenance medium, comprising L-DMEM supplemented
with 10 ug/ml insulin, 100 U/ml penicillin and streptomycin
and 10% FBS, every 3 days. This process was continued for
2 weeks.

Irradiation and grouping. The samples were sorted into
two groups, osteogenesis and adipogenesis. Each group of
BMSCs was irradiated following a 24 h incubation using
a "7Cs gamma radiation source (Gammacell-40; MDS
Nordion, Inc., Ontario, Canada) at a single dose.

Cell viability. The BMSCs were seeded into 96-well plates
(5x10°cells/well) and incubated in complete medium for 24 h
(37°C; 5% CO,). The cells were exposed to various doses of
irradiation (0, 0.25, 0.5, 1, 2, 5 and 10 Gy). The medium was
subsequently removed and 100 pl fresh L-DMEM containing
10% 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) solution (Sigma-Aldrich; 0.5 mg/ml in PBS)
was added into each well. Following 4 h incubation at 37°C,
the insoluble formazan crystals formed were dissolved in
100 gl 10% sodium dodecyl sulfate (China Pharmaceutical
Shanghai Chemical Reagent Co., Ltd.) for 2 h. The optical
density was immediately measured at 570 nm using a micro-
plate reader (Multiskan fc reader; Thermo Fisher Scientific,
Inc.).

Colony forming unit (CFU) assay. Cells in the exponential
growth phase were trypsinized and made into a single cell
suspension. The concentration of the cell suspension was
adjusted to 200 cells/ml. A 5 ml cell suspension was inocu-
lated onto a petri dish (diameter 60 mm), and the cells were
evenly dispersed by gentle agitation of the dish in cross direc-
tion. The cells were exposed to different doses of irradiation
(0,0.5,1,2,5 and 10 Gy) after 24 h. The culture was termi-
nated after 2 weeks, when visible clones appeared in the petri
dish. The cells were fixed with methanol for 15 min. Giemsa
staining (Amresco LLC, Solon, OH, USA) was performed
for 10 min and observed by microscopy (Nikon 80i; Nikon
Corporation, Tokyo, Japan) following air drying.

Cell cycle analysis. The cell cycle was detected using a Cell
Cycle and Apoptosis Analysis kit (cat. no. C1052; Beyotime
Institute of Biotechnology, Haimen, China) following doses of
irradiation (0,0.5,1,2,5 or 10 Gy). Briefly, the cells (~1x10° cells)
were trypsinized and made into a single cell suspension. The
cells were subsequently fixed with pre-cooled 70% ethanol at
4°C for 12 h, prior to incubating with propidium iodide solu-
tion (5 pug/ml; Beyotime Institute of Biotechnology) at 37°C for
30 min. Flow cytometric analysis was performed within 24 h.
DNA content and light scattering analyses were performed
using software (Navios™; Beckman Counter).

Alkaline phosphatase (ALP) activity assay. The BMSCs were
seeded into 96-well plates and were irradiated at different doses
(0,0.5, 1,5 or 10 Gy) after 24 h, following which the cells were
cultured with osteogenic inductive medium for 7 and 14 days
(37°C; 5% CO,). The measurement of ALP activity and protein
content were performed, as described previously (26). Briefly,
the cells were lysed with 0.05% Triton X-100 (Sigma-Aldrich)
at 4°C for 2 h, and were subsequently lysed by ultrasonica-
tion (VCX130PB Serial; Sonics & Materials, Inc., Newtown,
CT, USA) for 10 sec at 20 kHz three times on ice. A total of
50 ul lysate was added to 2-amino-2-methyl-1-propanol buffer
containing p-nitrophenyl phosphate (Fluka, Co, Milwaukee,
WI, USA) at 37°C for 30 min. The reactions were terminated
by adding 50 u1 0.2mol/l NaOH. The absorbance was detected
at 405 nm using a Sunrise microplate reader (Thermo Fisher
Scientific, Inc.). The total proteins were measured using a
Bicinchoninic Acid kit (Beyotime Institute of Biotechnology),
according to manufacturer's protocol. The activity was
adjusted to the cell protein and expressed as U/mg protein.

ALP staining and Oil red O staining. The BMSCs were
cultured in 48-well plates (1x10* cells/well) and irradiated
after 24 h. The cells were subsequently induced with osteo-
genic or adipogenic induction medium (37°C; 5% CO,). To
estimate osteogenic differentiation, the cells were rinsed
twice with PBS and fixed with 2.5% glutaraldehyde solu-
tion for 5 min. The cells were subsequently stained using an
ALP staining kit, according to the manufacturer's protocol
(Tiangen Biotech Co., Lrd., Beijing, China). To estimate the
adipogenic differentiation, the cells were fixed with 4% para-
formaldehyde (Sigma-Aldrich) solution and rinsed with PBS.
The cells were gently rinsed with 60% isopropanol and the
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stained with Oil Red O dye solution (Sigma-Aldrich) for
30 min at room temperature. Following staining, the cells
were visualized and images were captured using an optical
microscope (Nikon 80i). Simple PCI imaging software
(Compix, Inc., Arizona, USA) was used to count the number
and areas of positively stained cells.

Mineralization and alizarin red staining. The BMSCs were
cultured in 48-well plates (5x10* cells/well) and irradiated
after 24 h. Subsequently, the cells were induced with osteo-
genic inductive medium for 3 weeks (37°C; 5% CO,), and the
medium was replaced every 2 days. The cells were fixed with
95% ethanol and rinsed with PBS. The cells were then stained
with 0.2% alizarin red (pH 8.3; Amresco LLC) for 10 min at
room temperature. The numbers and areas of mineralization
nodules were quantified using an optical microscope (magnifi-
cation, x100) and Simple PCI imaging software.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR) analysis. The BMSCs were seeded into 6-well
plates at a density of 4x10° cells/well and were exposed
to the different doses of irradiation after 24 h. The cells
were subsequently induced with osteogenic or adipogenic
induction medium for 1 week. The total cellular RNA was
isolated using an RNAprep pure cell/bacteria kit (Tiangen
Biotech Co., Ltd.), according to the manufacturer's protocol.
Subsequently, 1 ug total RNA was transcribed into cDNA
using a QuantScript RT kit (Tiangen Biotech Co., Ltd.),
according to the manufacturer's protocol. All PCR primers
were supplied by Sangon Biotech Co., Ltd. (Shanghai, China),
and the primer sequences are listed in Table I. Specific
transcripts were quantified by RT-qPCR using a QuantiTect
SYBR® Green PCR kit (Takara Bio, Inc., Tokyo, Japan). A
total of 2 ul cDNA, 0.4 pl primers, 10 ul 2X SYBR® Premix
ExTaq™ and 7.2 ul ddH,O were mixed and used to conduct
the reaction with a LightCycler 2.0 Real-Time PCR system
(Roche Diagnostics GmbH, Mannheim, Germany). The
2-A4% method was used to calculate gene expression (27). The
quantified individual RNA expression levels were normal-
ized against B-actin. qPCR was performed as 40 cycles at
94°C for 15 sec, 55°C for 30 sec and 72°C for 30 sec. At least
three independent experiments were performed.

Western blotting. The protein expression levels of PPAR-y and
RUNX2 in the different groups were detected using western
blot analysis. The cells were irradiated following incubation for
24 h, and were induced for 2 weeks. The cells were lysed using
100 ul radioimmunoprecipitation assay and 1 pl phenylmeth-
ylsulfonyl fluoride (Beyotime Institute of Biotechnology). The
samples were then centrifuged at 20,000 x g for 10 min at 4°C.
The supernatant were obtained and total protein concentration
was measured using the Bicinchoninic Acid kit, according
to manufacturer's protocol. Equal quantities of total protein
(20 ug) were subjected to sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (5% stacking gel and 12% separating
gel; Beyotime Institute of Biotechnology) and transferred onto
polyvinylidene fluoride membrane (Beyotime Institute of
Biotechnology). The membrane was blocked with 5% (w/v)
non-fat milk dissolved in PBS-20% Tween and, followed by
incubation with rabbit anti-PPAR-y (1:1,000; cat. no. 07-466;
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EMD Millipore, Billerica, MA, USA) and rabbit anti-RUNX?2
(1:1,000; cat. no. 8486S; Cell Signaling Technology, Inc.,
Santa Cruz, CA, USA). The proteins were visualized by incu-
bating the membrane with a secondary antibody conjugated
to horseradish peroxidase. Tubulin (Beyotime Institute of
Biotechnology) and GAPDH (Cell Signaling Technology, Inc.)
were used as loading controls. The protein expression levels
were quantified by the optical density ratio of the target protein
and loading control using Quantity One® 4.6.3 software
(Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Statistical analysis. All data are expressed as the
mean + standard deviation. One-way analysis of variance,
followed by a least significant difference or Dunnett T3 test,
was performed to compare means among multiple groups.
Statistical analyses were performed using SPSS statistical
software (IBM, SPSS, Chicago, IL, USA). P<0.05 was
considered to indicate a statistically significant difference.

Results

Microscopic morphology and expression of surface makers
in BMSCs. The BMSCs exhibited a fusiform projection,
fibroblast-like, colony growth morphology. Cell surface
marker analysis showed that the BMSCs were positive
for CD29 (95.76%) and CD44 (81.42%), and negative for
CD34 (12.70%) and CD45 (26.56%). Expression profiles
of cell-surface markers are qualified as mesenchymal stem
cells (28) (Fig. 1).

Cell viability. The cell growth curve showed that the cells
exhibited a sustained proliferation state, and entered the
logarithmic phase after 3 days in culture (Fig. 2). The prolif-
eration rate of the BMSCs was maintained at a high level,
even after 14 days in culture (37°C; 5% CO,). No significant
difference was observed following 9 days of culture with
basic culture medium. Cell viability was marginally lower
when cultured for 11 days with induction medium, however,
the difference was not significant. Therefore, the adipogenic
or osteogenic induction medium had no affect on the cell
viability, compared with the basic culture medium (P>0.05),
enabling examination of the differences between groups
without the requirement to consider the inference of induc-
tion medium in the following experiments.

An MTT assay was performed to identify the viability
of the BMSCs following different doses of irradiation. The
results showed that the viability of the BMSCs decreased with
increasing dose. Irradiation at 5 Gy significantly suppressed
the cell viability (P<0.05), and cell viability was decreased
further following exposure to 10 Gy irradiation (Fig. 3).

Cell differentiation. The BMSCs were directly induced
to form osteoblasts in osteogenic induction medium for
7 days. A marked increase in the number of ALP-positively
stained cells was observed, compared with the non-induced
BMSCs. Mineralized nodules formed following osteogenic
induction for 21 days, whereas no mineralized nodules were
observed in the non-induced cells. The Oil red O staining
assay showed that lipid droplets were generated following
adipogenic induction for 14 days (Fig. 2).
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Table II. Effect of different doses of irradiation on ALP activity following 7 days of osteogenic induction.

Irradiation dose (Gy) ALP activity (U/mg protein) Change in ALP activity (%)
0 81.500+5.788 -
0.5 73.992+4.174* 1921
1 56.294+4 983" 130.93
5 43.850+2.560" 146.20
10 39.832+1.520* 151.13
Values are expressed as the mean + standard deviation of three independent experiments. “P<0.05, compared with the 0 Gy group. ALP, alkaline
phosphatase.
| °_Gate| | | °_Gate| | | :_Gate| | ‘| °_Gate| | | :_Gate
Control CDZQ CD34 CD45

Figure 1. Expression of surface markers in bone marrow mesenchymal stem cells.

CFU assay. The results of the CFU assay showed that the
cells exhibited a high colony formation rate (89.67% in the
non-irradiation group) in vitro. As shown by Giemsa staining,
the numbers of cells in each colony were reduced following
irradiation (Fig. 4). The number of CFUs reduced as the irra-
diation dose was increased for the same duration. Irradiation
at 0.5 Gy significantly reduced the colony formation potential
of the BMSCs (P<0.05; Fig. 4).

Cell cycle distribution. The results of the present study
revealed that BMSC were predominantly in the GO stage of
the cell cycle. Irradiation failed to alter the cell cycle, which
suggests that changes in cell proliferation are not achieved
through the alteration of cell cycle progression (Fig. 5).

ALP activity following irradiation. The effect of different
doses of irradiation on ALP activity was determined
following 7 days osteogenic induction. The results showed
that all doses (0.5, 1, 5 and 10 Gy) of irradiation decreased
ALP activity (P<0.05), compared with the control group.
Additionally, the ALP activity decreased with increasing
irradiation dose (Table IT).

ALP and Oil red O staining. Visualization of the cells
under an optical microscope revealed that both the size of
the stained area and color density decreased as irradiation
dose increased. The surface area of positive ALP staining
decreased with increasing irradiation dose. Irradiation at
0.25 Gy significantly suppressed positive ALP staining
(P<0.05; Fig. 6).

The results of the present study demonstrated that the rate
of positive Oil Red O staining increased marginally following
0.25,0.5 or 1 Gy irradiation, and decreased following 2 or 5 Gy

irradiation, although no statistical difference was observed
(P>0.05; Fig. 7). These results indicated that the adipogenic
differentiation potential of the BMSCs was not markedly
altered following irradiation.

Mineralization and alizarin red staining. As shown in
Fig. 7, the alizarin red staining of mineralization showed
that y-irradiation reduced mineralization abilities in vitro.
Quantification of the ARS deposition areas revealed that
irradiation suppressed the mineralization of osteogenesis at all
irradiation doses (Fig. 8).

RT-gPCR analysis. The present study revealed that the mRNA
expression levels of ALP, RUNX2 and OCN were reduced
following 0.5 Gy irradiation (P<0.05), compared with the
non-irradiated group. The expression levels of ALP, RUNX?2
and OCN were significantly decreased with increasing irradia-
tion dose (Fig. 9). The mRNA expression levels of PPAR-y and
CEBPa were not significantly altered following irradiation
(Fig. 10).

Western blotting. The protein expression levels of RUNX?2
and PPAR-y were detected using western blotting. As shown
in Fig. 10, the protein expression of RUNX2 decreased with
increased irradiation dose (P<0.05), whereas the protein
expression of PPAR-y was not significantly altered by irradia-
tion (P>0.05; Fig. 11).

Discussion
Osteoporosis and fracture are late effects of radiotherapy, and

present as bone loss, decreased bone strength and increased
fracture rate in cancer survivors, with unknown etiology



218 WANG et al: IRRADIATION-ALTERED DIFFERENTIATION OF BONE MARROW STEM CELLS

C

25+

204

1.5 4

1.0 4

MTT (OD value)

0.5 o

0.0 T T T T

—a— Basic culture medium
—e— Osteogenic induction medium
—a— Adipogenic induction medium |

2d 3d 4d 5d

T
7d 9d 11d 14d

Culture date

Figure 2. BMSC induction and the viability of BMSCs cultured with different culture medium over time. (A) Upper panel, ALP staining of non-induced
cultured BMSCs for 7 days (original magnification, x40); lower panel, ALP staining of osteogenic induction of BMSCs for 7 days (original magnification,
x40). Dark blue granules indicate ALP staining. (B) Upper panel, ARS staining of non-induced cells after 21 days (original magnification, x100); lower panel,
ARS staining of mineralized nodules following osteogenic induction of BMSCs for 21 days (original magnification, x100). Mineralized nodules stained red.
(C) Upper panel, Oil Red O staining of non-induced BMSCs after 14 days (magnification, x200); lower panel, Oil Red O staining of adipogenic induction of
BMSCs for 14 days (magnification, x200). Fat droplets stained red. Data are expressed as the mean + standard deviation. BMSC, bone marrow mesenchymal
stem cell; ALP, alkaline phosphatase; ARS, alizarin red S; MTT, 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide; OD, optical density.

and lack of treatment options. A previous study revealed
that radiation can result in loss of trabecular bone (29).
Increased trabecular thickness and separation, and reduced
cancellous bone volume fraction, connectivity density and
trabecular number were detected in the proximal tibia and
lumbar vertebra 14 days following 6 Gy y-irradiation (30).
Thus, irradiation exposure leads to the destruction of bone
architecture, thereby increasing an individuals lifetime risk of
bone loss and fracture.

In bone healing or distraction osteogenesis, progenitor
cells are involved through successive formation of fibrous,
cartilaginous and osseous tissues (31). BMISCs are considered
as the most suitable cell source for bone tissue engineering
due to their superior osteogenic potential. Adipocytes and
osteoblasts originate from BMSCs, and the balance between
adipogenesis and osteogenesis in BMSCs is reported to modu-
late the progression of various diseases, including obesity and
osteoporosis (32). The high proliferative capacity of BMSCs
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1.0+
0.9 4
0.8

0.7

MTT (OD value)
*

0.6

0.5 4

04
0 05 1 2 5 10
Irradiation dose (Gy)

Figure 3. Changes in cell viability following irradiation. Data are expressed
as the mean =+ standard deviation and are representative of three separate
experiments. 'P<0.05, compared with the 0 Gy group. MTT, 3-(4,5-dimethyl-
thiazol-2-yl)-2, 5-diphenyltetrazolium bromide; OD, optical density.



MOLECULAR MEDICINE REPORTS 13: 213-223 2016

B

200 -
180 4
160\ %
140
120-
100-
80
SU-

Number of CFU

a0
20
0

219

C

-20 T T T T
0 1 2 3 4

6 7 8 9 10 1"

Irradiation dose (Gy)

Figure 4. CFUs of BMSCs following irradiation. Giemsa staining of the BMSCs following irradiation at (A) 0 Gy, (B) 0.5 Gy, (C) 1 Gy, (D) 2 Gy, (E) 5 Gy,
(F) 10 Gy. Original magnification, x20. The graph shows the number of CFUs following irradiation with doses of 0,0.5, 1,2, 5 and 10 Gy. Data are expressed
as the mean + standard deviation "P<0.05, compared with the 0 Gy group. BMSC, bone marrow mesenchymal stem cell; CFU, colony-forming unit.

makes them susceptible to damage and injury, altering the
steady-state of the bone marrow environment.

Differentiation into osteoblast and adipocyte lineages
has particular relevance to the maintenance of normal bone
homeostasis. Irradiation can damage the osteogenic activity
of human marrow by suppressing osteoblasts, leading to
post-irradiation bone loss and osteoporosis (33). However, the
role of irradiation in modulating the adipogenic and osteogenic
potential remains to be elucidated.

For over a decade, it has been hypothesized that an inverse
association exists between adipocytes and osteoblasts within
the marrow cavity (34). Despite substantial data supporting
the adverse association between osteoblasts and adipocytes,
studies revealed a more complex association between bone and
fat tissue volume in human and animal models in vivo (35).

The present study hypothesized that radiation therapy
alters the osteogenic and adipogenic differentiation potentials
of BMSCs. To confirm this hypothesis, the Ficoll technique
was used to isolate cells, as a previous study suggested that the
Ficoll technique may be suitable for the isolation of multi-potent
BMSCs (36). The cells obtained exhibited high proliferation
potential under basic culture medium and in induction medium,

and the cell surface makers were suitable for qualification as
stem cells. Following induction, BMSCs can successfully differ-
entiate into osteoblasts and adipocytes in vitro.

The results of the present study demonstrated that 2 Gy
irradiation reduced cell viability. This was concordant with a
previous study, which demonstrated that persistent injury in
the stem cell population can be induced by relatively small
doses, and that the threshold total dose in mice is ~1.5 Gy,
determined using fractionated whole-body irradiation (37).
The CFU assay in the present study showed that 0.5 Gy
irradiation decreased cell proliferation, suggesting that the
BMSCs were relatively sensitive to irradiation in vivo or
in vitro.

Normal cells are permanently held in a state in which
their continued existence depends on a tight balance between
survival and death signals. In a normal cell, the accumulation
of DNA damage leads to cell cycle arrest, during which the
potential for repair is assessed. If the extent of the damage
exceeds the capacity to repair without leaving residual genetic
abnormality, the balance of survival and death signals tips,
and the cell activates its apoptotic signaling pathway leading
to cell death (38). The results of the present study showed
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Figure 5. Cell cycle distribution of bone marrow mesenchymal stem cells following irradiation. Cell cycle distribution was analyzed using flow cytometric
analysis following irradiation doses of (A) 0 Gy; (B) 0.5 Gy; (C) 1 Gy; (D) 2 Gy; (E) 5 Gy; (F) 10 Gy. The lines in each image represent the G,/G,, S, and G,/M
cell cycle stages (from left to right) of the bone marrow mesenchymal stem cells. Cells of each group were predominantly in the G, stage of the cell cycle.

g
@
®
g
=2
w
g
2
£
=
w
o
E
0 025 05 1 ] 5
Irradiation dose (Gy)

Figure 6. ALP staining following irradiation of different doses. (A) 0 Gy; (B) 0.5 Gy; (C) 1 Gy; (D) 5 Gy. Original magnification, x100. The graph shows the
positive rate of ALP staining following irradiation at 0, 0.5, 1, 5 and 10 Gy. Both the size of the stained area and color density of ALP staining decreased as
irradiation dose increased. Data are expressed as the mean + standard deviation. "P<0.05, compared with the 0 Gy group. ALP, alkaline phosphatase.

no significant cell cycle arrest following different dose of The results of the ALP and Oil red O staining assay
irradiation, therefore further investigation of the mechanism indicated that irradiation may have a suppressive effect on
is required. osteogenic differentiation of the BMSCs, however, it had
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Figure 7. Oil red O staining following irradiation of different doses. (A) 0 Gy; (B) 1 Gy; (C) 2 Gy; and (D) 5 Gy. Original magnification, x200. The graph
shows the positive rate of ALP staining following irradiation at 0, 1, 2 and 5 Gy. The rate of positive Oil Red O staining was not markedly altered following
irradiation. Data are expressed as the mean + standard deviation. ALP, alkaline phosphatase.
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Figure 8. ARS staining of mineralized nodules following irradiation at doses of (A) 0 Gy, (B) 0.5 Gy, (C) 1 Gy and (D) 5 Gy. Original magnification, x100. The
chart shows the quantification of ARS deposition areas following irradiation at 0, 0.25, 0.5, 1, 2 and 5 Gy. Both the size of the stained area and color density

of ARS staining decreased as irradiation dose increased. Data are expressed as the mean + standard deviation. "P<0.05, compared with the 0 Gy group. ARS,
alizarin red S.
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Figure 9. mRNA expression levels of ALP, OCN and RUNX2 for induction
following irradiation (doses at 0, 0.5, 1 and 2 Gy). Data are expressed as the
mean + standard deviation. "P<0.05, compared with the 0 Gy group (n=3).
ALP, alkaline phosphatase; OCN, osteocalcin; RUNX2, Runt-related tran-

scription factor 2.
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Figure 10. mRNA expression levels of PPAR-y and CEBPa for induction
following irradiation (doses at 0, 0.5, 1 and 2 Gy). Data are expressed as
the mean + standard deviation. "P>0.05, compared with the 0 Gy group
(n=3). PPAR-vy, peroxisome proliferator-activated receptor-y; CEBPa,
CCAAT/enhancer-binding protein a.

no marked suppressive or enhancing effect on adipogenic
differentiation. However, the relative ratio of osteogenesis and
adipogenesis was increased, therefore, further examination of
the gene and protein expression levels in the process of BMSCs
differentiation was performed.

The developmental fate of BMSCs is largely determined
by the expression of specific groups of transcription factors
to drive the differentiation of uncommitted precursors down
a specific lineage. Expression of the RUNX?2 and osterix
transcription factors are the predominant determinants for
the osteogenic differentiation of BMSCs (39). In addition,
the peroxisome proliferator activated receptor-y (PPAR-vy)
transcription factor and the CCA AT/enhancer-binding protein
family, are key factors driving the adipogenesis differentiation
of BMSCs (40). In the present study, the expression levels of
RUNX?2, ALP and OCN were decreased following irradiation,
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Figure 11. Protein expression levels of RUNX?2 and PPAR-vy detected by
western blotting. Expression levels were detected following irradiation at
doses of 0,0.5, 1 and 2 Gy. Data are expressed as the mean + standard devia-
tion. "P<0.05, compared with the 0 Gy group (n=3). PPAR-y, peroxisome
proliferator-activated receptor-y; RUNX2, runt-related transcription factor 2.

indicating that irradiation suppressed osteogenic differentia-
tion at the early and late stages of differentiation. Therefore,
the proliferation of pre-osteoblasts and the formation of osteoid
were inhibited, as regulated by the osteogenic differentiation
of BMSCs, resulting in an imbalance of bone formation.

PPAR-v, also termed the glitazone receptor or 7nuclear
receptor subfamily 1, group C, member 3, is a ligand-acti-
vated transcription factor, which belongs to the type II
nuclear hormone receptor superfamily and functions as a
heterodimer with a retinoid X receptor by binding to PPAR-y
responsive elements. PPAR-y is important in adipocyte
differentiation. Adipogenesis commitment of MSCs is deter-
mined by the expression and/or activation of the PPAR-y
transcription factor (41). In the present study, no significant
changes in the gene and protein expression levels of PPAR-y
were observed following irradiation. Therefore, the present
study does not support the hypothesis that decreased bone
volume and increased adipose tissue following radiotherapy
is the result of irradiation-induced alterations in the cellular
compositions of osteoblasts and adipocytes in BMSCs.
Although these results differ from the results of previous
studies, certain studies support the results of the present
study. For example, Justesen et al (42) reported no evidence
for enhanced adipogenesis with aging, as the adipocyte
forming capacity of BMSCs was similar between younger
and older donors (42).

A possible explanation of the results of the present study
is that adipogenesis and osteogenesis can be regulated inde-
pendently. In support of this hypothesis, further experiments
are required to demonstrate the specific mechanisms of lipid
metabolism and bone metabolism.

Bone marrow post-irradiation syndrome seriously affects
quality of life in individuals following tumor treatment.
Therefore, investigating the mechanisms underlying bone
injury and recovery can provide novel insights into MSC
differentiation and the treatment of bone loss diseases to
reduce the risk of fracture.
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