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Abstract Mesenchymal stem cells (MSCs), which are multipotent and have self-renewal ability, support the regeneration of

damaged normal tissue. A number of external stimuli promote migration of MSCs into peripheral blood and support their

participation inwound healing. In an attempt to harness the potential beneficial effects of such external stimuli, we exposedhuman

MSCs (hMSCs) to one such stimulus—low-dose ionizing radiation (LDIR)—and examined their biological properties. To this

end, we evaluated differences in proliferation, cell cycle, DNA damage, expression of surface markers (CD29, CD34, CD90, and

CD105), anddifferentiationpotential of hMSCsbefore andafter irradiationwithc-raysgeneratedusinga 137CS irradiator.Atdoses
less than 50 mGy,LDIRhadnosignificant effect on theviability or apoptosis of hMSCs. Interestingly, 10 mGyofLDIR increased

hMSC viability by 8% (p\0.001) comparedwith non-irradiated hMSCs.At doses less than 50 mGy, LDIR did not induce DNA

damage, including DNA strand breaks, or cause cellular senescence or cell-cycle arrest. Surface marker expression and in vitro

differentiation potential of hMSCs were maintained after two exposures to LDIR at 10 mGy per dose. In conclusion, a two-dose

exposure to LDIR at 10 mGy per dose not only facilitates proliferation of hMSCs, it alsomaintains the stem cell characteristics of

hMSCswithout affecting their viability.These results provideevidence for thepotential ofLDIRas anexternal stimulus for in vitro

expansion of hMSCs and application in tissue engineering and regenerative medicine.
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1 Introduction

Mesenchymal stem cells (MSCs) are a type of bone mar-

row stem cell that possesses self-renewal ability and the

capacity to differentiate into various mesenchymal lineages

[1]. MSCs have been applied to repair bone fractures,

cartilage defects, ischemic heart disease, tendon damage,

and skin wounds [2–5].

MSCs must be expanded in vitro to clinically mean-

ingful cell numbers in order to be used for tissue engi-

neering applications. However, expanded MSCs at later

passages tend to lose their stemness potential, proliferation

and differentiation ability [6, 7]. Various modifications of

human MSCs (hMSCs) culture methods, such as inclusion

of growth factors or small molecules and exposure to

external stimuli, have been reported to enhance prolifera-

tion as well as differentiation during subsequence passages

Electronic supplementary material The online version of this
article (doi:10.1007/s13770-017-0045-2) contains supplementary
material, which is available to authorized users.

& Chun-Ho Kim

chkim@kcch.re.kr

1 Laboratory of Tissue Engineering, Korea Institute of

Radiological and Medical Sciences, 75 Nowon-ro, Nowon-

gu, Seoul 01812, Korea

2 Research Center for Radiotherapy, Korea Institute of

Radiological and Medical Sciences, 75 Nowon-ro, Nowon-

gu, Seoul 01812, Korea

3 Department of Food and Microbial Technology, Seoul

Women’s University, 621 Hwaran-ro, Nowon-gu,

Seoul 01797, Korea

4 Department of Genetic Engineering, College of Life Sciences

and Graduate School of Biotechnology, Kyung Hee

University, 1732, Deogyeong-daero, Giheung-gu, Yongin-si,

Gyeonggi-do 17104, Korea

123

Tissue Eng Regen Med (2017) 14(4):421–432 Online ISSN 2212-5469

DOI 10.1007/s13770-017-0045-2 Print ISSN 1738-2696

http://dx.doi.org/10.1007/s13770-017-0045-2
http://crossmark.crossref.org/dialog/?doi=10.1007/s13770-017-0045-2&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s13770-017-0045-2&amp;domain=pdf


in culture [8, 9]. Among external cellular stimuli that have

been studied for tissue engineering applications are cyclic

tensile, compression, ultrasound, and hypoxic conditions

[10–13].

Interestingly, several studies have reported that exposure

of cells to low-dose ionizing radiation (LDIR) not only

provides protection against radiation-induced damage, but

also stimulates cellular processes such as proliferation,

protein synthesis, and immune responses—a concept

referred to as radiation hormesis (or homeostasis) [14].

These effects of LDIR have been reported for various cell

types, including germ cells, immune cells, and

hematopoietic progenitor cells [15–18]. Cai et al. [15, 16]

investigated the effects of LDIR with X-rays at doses up to

200 mGy (milligrays) in lymphocytes and spermatocyte. Li

et al. [17] reported that LDIR with X–rays at a dose of

75 mGy stimulates proliferation of bone marrow

hematopoietic progenitor cells and induces their mobi-

lization into peripheral blood. Guo et al. [18] reported that

repeated exposure to LDIR with X-rays at a dose of

75 mGy accelerates skin wound healing in a rat model of

diabetes. Other studies have reported radiation responses of

hMSCs, examining changes in cellular morphology,

apoptosis, cell cycle, cellular senescence, and differentia-

tion [19–22]. Liang et al. [19] studied proliferation of rat

MSCs (rMSCs) stimulated with LDIR at doses up to

100 mGy through activation of the mitogen-activated

protein kinase (MAPK)/extracellular signal regulated

kinase (ERK) pathway. Kurpinski et al. [20] compared the

biological properties of hMSCs after LDIR with X-rays or
56Fe ions at doses up to 1 Gy. Nicolay et al. [21] defined

the stem cell characteristics of hMSCs after exposure to up

to 10 Gy, and Alessio et al. [22] reported cellular senes-

cence of hMSCs after exposure to X-rays at doses up to

2 Gy. However, to date, ionizing radiation (IR) has not

been used for external cellular stimulation of hMSCs in

tissue engineering applications. Moreover, the effects of

LDIR on the biological properties and stem cell charac-

teristics of hMSCs at doses less than 50 mGy have

remained largely unknown.

In this study, we assessed LDIR as an external hMSC

stimulus for tissue engineering applications. Specifically,

we evaluated the effects of LDIR with c-rays on the bio-

logical properties and characteristics of hMSCs, focusing

on doses less than 50 mGy. hMSCs were exposed two or

three times to LDIR at doses less than 50 mGy; 3 Gy was

used as a negative control. Proliferation and viability of

irradiated and control hMSCs were evaluated by counting

viable cells. LDIR-induced DNA damage of hMSCs was

examined by measuring apoptosis and cell cycle changes

using flow cytometry and immunofluorescence, respec-

tively. We also characterized the maintenance of hMSC

stemness, phenotypic surface markers, and in vitro differ-

entiation potential after exposure to LDIR.

2 Materials and methods

2.1 c-Irradiation of hMSCs

hMSCs (passage 2) were purchased from Lonza (Switzer-

land, Lot number: 000394413) and maintained according to

the supplier’s protocol. Briefly, hMSCs were seeded on

100 mm culture dishes at a density of 3.0 9 105 cells per

dish in 10 ml mesenchymal stem cell growth medium

(MSCGM, MSCGMTM BulletKitTM, LONZA, Switzer-

land) at 37�C in a humidified 5% CO2 incubator. The

medium was changed every 2–3 days until the cultures

reached *70–80% confluence. hMSCs at passage 5 to 6

were used in this study. The cell density and type of culture

plate used are indicated for each experimental method.

After culturing for 2 days, hMSCs were exposed to c-
ray irradiation at experimental doses of 10 and 50 mGy,

and a control dose of 3 Gy, using a 137CS irradiator. LDIR

doses less than 50 mGy were administered using a MDI-

KIRAMS 137 (KIRAMS, Korea), and the higher control

dose of 3 Gy was administered using a BioBeam 8000

(Gamma-Service Medical GmbH, Germany). After cul-

turing for an additional 2 days, hMSCs were exposed to

two or three doses of c-ray irradiation. The control group

was processed under the same conditions without c–ray
irradiation. Changes in c-ray–irradiated hMSCs were

evaluated at multiple times, as indicated in Fig. 1.

2.2 Proliferation and viability of irradiated hMSCs

Cell proliferation and viability were determined directly by

counting viable cells. hMSCs were plated on 48-well cul-

ture plates at a density of 5.0 9 103 cells/well in 200 ll of

Fig. 1 Time schedules of LDIR c-ray irradiation of hMSCs.

A hMSCs irradiated one or two times; B hMSCs irradiated three times

422 Tissue Eng Regen Med (2017) 14(4):421–432

123



MSCGM. After irradiating hMSCs according to the indi-

cated irradiation schedule, viable cells were counted by

first trypsinizing hMSCs using 0.05% trypsin–EDTA

(GIBCO, USA) and then staining with trypan blue (Wel-

Gene, Korea) to distinguish live and dead cells. The pro-

liferation and viability of irradiated hMSCs was

determined by counting the number of hMSCs using a

hemocytometer.

2.3 Apoptosis of irradiated hMSCs

hMSCs were seeded in a 6-well culture plate at a density of

5.5 9 104 cells/well in 2 ml of MSCGM, and irradiated

according to the irradiation schedule. On culture day 7,

hMSCs were trypsinized and evaluated for apoptotic status

using a terminal deoxynucleotidyl transferase dUTP nick-

end labeling (TUNEL) assay (APO-BrdUTM TUNEL Assay

Kit, Invitrogen, USA), according the manufacturer’s proto-

col. Briefly, hMSCs at a density of 1.0 9 106 cells/well

were incubated for 30 min with 100 ll of Alexa Fluor

488-conjugated anti-BrdU antibody (1:20, APO-BrdUTM

TUNEL Assay Kit, Invitrogen, USA), and nuclei were

stained using 500 ll of propidium iodide (PI, APO-BrdUTM

TUNEL Assay Kit, Invitrogen, USA). The percentage of

apoptotic cells was analyzed using fluorescence-activated

cell sorting (FACS, FACSCalibeurTM, BD science, USA).

2.4 Morphology of irradiated hMSCs

hMSCs were seeded in a 24-well culture plate at a density

of 5.0 9 103 cells/well in 0.5 ml of MSCGM, and irradi-

ated according to the irradiation schedule. Images of

hMSCs for morphological assessments were collected on

days 3, 5, and 7 using an IX-70 microscope (Olympus,

Japan) equipped with a DFC 280 camera (Leica, German)

and Leica Application Suite version 4.2 software (LAS

v4.2 software, Leica, German).

2.5 Immunofluorescence analysis of c-H2AX

and measurement of nucleus size

The DNA-damage response of irradiated hMSCs was

determined by immunofluorescence analysis of c-H2AX
(histone 2A) foci. hMSCs were seeded on 12 mm coverslip

in a 24-well culture plate at a density of 5.0 9 103 cells/

well in 0.5 ml of MSCGM, and irradiated according to the

irradiation schedule. On day 7, irradiated hMSCs were

fixed by incubating with 4.0% paraformaldehyde (PFA,

Sigma-Aldrich, USA) in phosphate-buffered saline (PBS)

and then permeabilized by incubating with 0.1% (v/v)

Triton X-100 (USB, USA) in PBS. hMSCs were blocked

by incubating with 5% bovine serum albumin (BSA, USB,

USA) and then incubated with an anti-phospho-histone

H2A.X (Ser139) antibody (1:200, Merck Millipore, USA)

at 4�C, overnight. After washing three times with PBS,

hMSCs were incubated with goat anti-mouse IgG H&L

(Alexa Fluor 488, 1:200, Abcam, UK) at room temperature

for 1 h. hMSCs were then mounted with 40,6-diamidino-2-

phenylindole (DAPI)-containing mounting medium

(VECTASHIELD with DAPI, Vector Laboratories, USA)

and imaged using an LSM 710 confocal microscope (Carl

Zeiss, Germany). The number of c-H2AX foci was man-

ually counted in collected images, and the sizes of nuclei

were measured with ImageJ software (National Institutes of

Health, USA).

Fig. 2 At dose 10 mGy LDIR enhanced proliferations of hMSCs and

no effect on viabilities of hMSCs compared with control. Prolifer-

ations A and viabilities B of two or three times at dose 10 mGy or

50 mGy LDIR irradiated hMSCs (n = 4). (*p\ 0.05, ** p\ 0.01,

and *** p\ 0.001)

Tissue Eng Regen Med (2017) 14(4):421–432 423

123



2.6 Cell cycle of irradiated hMSCs

hMSCs were plated in a 6-well culture plate at a density of

5.5 9 104 cells/well in 2 ml of MSCGM, and irradiated

according to the irradiation schedule. On day 7, hMSCs

were trypsinized and suspended at a density of 1.0 9 106

cells per 5.0 mL of PBS. hMSCs were fixed for 30 min

with 5.0 ml of a 75% ethanol solution. After washing three

times with PBS, fixed hMSCs were incubated for 30 min

with 0.5 mL of PI (Sigma, USA) at 37�C. The cell cycle in
each group was then analyzed by FACS.

2.7 CD marker expression in irradiated hMSCs

hMSCs were plated in a 48-well culture plate at a density of

5.5 9 103 cells/well in 2 ml of MSCGM, and irradiated

Fig. 3 LDIR induced apoptosis were less than 10% at day 7. A LDIR

induced apoptosis of hMSCS were measured by TUNEL assay. B The

graphs presented LDIR induced apoptosis at day 7 two times or three

times irradiated hMSCs (n = 3). (*p\ 0.05, ** p\ 0.01, and

*** p\ 0.001)
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Fig. 4 LDIR did not induce

DNA damage response in

hMSCs. A Morphologies after

two or three times LDIR

irradiated hMSCs. LDIR

irradiated hMSCs increased cell

density. 3 Gy irradiated hMSCs

showed senescence morphology

(white arrow). B Expressions of

c-H2AX foci. C Numbers of c-
H2AX foci per two or three

times 3 Gy irradiated hMSCs.

D Sizes of nuclei of LDIR

irradiated hMSCs. More than

twenty nuclei in Fig. 4B were

analyzed by ImageJ.

(*** p\ 0.001)
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Fig. 5 Cell cycle arrests were not occurred by LDIR to hMSCs.

Whereas 3 Gy irradiated hMSCs showed G2-arrest. A Cell cycles

were measured by flow cytometry. The graphs presented G0/G1, S,

and G2/M phase at day 7 two times irradiated hMSCs B and three

times irradiated hMSCs C (n = 3). (*p\ 0.05, ** p\ 0.01, and

*** p\ 0.001)
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according to the irradiation schedule. hMSCs were trypsi-

nized with 0.05% EDTA-trypsin and adjusted to a density of

1.0 9 106 cells/ml of PBS. Suspended hMSCs were blocked

by incubating for 30 min with 2.0% BSA, USB, USA).

After washing three times with PBS, hMSCs were incubated

for 1 h with antibodies (200 ll each) against the positive

hMSC surface markers, CD29 (1:100, mouse anti-human

CD29:FITC, Serotec, UK), CD44 (1:100, mouse anti-human

CD44:FITC, Serotec, UK), CD90 (1:100, mouse anti-

hum9an CD90:FITC, Serotec, UK) and CD105 (1:100,

mouse anti-human CD105:FITC, Serotec, UK), and negative

hMSC surface markers, CD34 (1:100, monoclonal mouse

anti-human CD34 Class 3, Clone BIRMA-K3, Dako, Den-

mark) and CD45. After staining hMSCs nuclei using 500 ll
of PI according to the manufacturer’s instructions, expres-

sion of each CD marker was analyzed using FACS.

2.8 In vitro differentiation of LDIR-exposed hMSCs

Osteogenic, adipogenic, and chondrogenic differentiation

potentials of LDIR-exposed hMSCs compared with those

of non–irradiated hMSCs were examined using commercial

in vitro differentiation assays (LONZA, Switzerland).

hMSCs were plated on 100-mm culture dishes at a density

of 3.0 9 105 cells per 10 ml of MSCGM. hMSCs were

irradiated at a dose of 10 or 50 mGy on days 2 and 4 of

culturing (7D-2), then trypsinized on day 7 and seeded at

an appropriate density. Osteogenic, adipogenic, and chon-

drogenic differentiation was confirmed, according to the

manufacturer’s instructions.

For osteogenic differentiation, LDIR-exposed hMSCs

were seeded in 6-well plates at a density of 2.0 9 104 cells

per well in 2 ml of osteogenic induction medium (hMSC

differentiation BulletKitTM-osteogenic, LONZA, Switzer-

land), and cultured at 37�C in a humidified 5% CO2

incubator. After culturing for 28 days, calcium deposits in

hMSC cultures were stained with alizarin red S (Sigma-

Aldrich, USA).

For adipogenic differentiation, LDIR-exposed hMSCs

were seeded in 6-well plates at a density of 2.0 9 105 cells/

well in 2 ml of MSCGM. The medium was changed every

2–3 days until the cultures reached confluence. At 100%

confluence, three cycles of induction/maintenance were

conducted to differentiate hMSCs into adipogenesis. Each

cycle consisted of feeding hMSCs with adipogenic induction

medium (hMSC differentiation BulletKitTM-adipogenic,

LONZA, Switzerland) and culturing for 3 days, followed by

2 days of culture in adipogenic maintenance medium

(hMSC differentiation BulletKitTM-adipogenic, LONZA,

Switzerland) at 37�C in a 5% CO2 incubator. The medium

was changed every 3 days. After culturing for 15 days, lipid

droplets were stained with oil red O (Sigma-Aldrich, USA).

For chondrogenic differentiation, LDIR-exposed hMSCs

were pellet-cultured at a density of 1.0 9 106 cells per

pellet in 1 ml of chondrogenic induction medium (hMSC

differentiation BulletKitTM-chondrogenic, LONZA,

Switzerland) at 37�C in a 5% CO2 incubator. After cul-

turing for 6 weeks, chondrogenic differentiated pellets

were formalin fixed, paraffin embedded, thin-sectioned,

and stained with safranin O (Sigma-Aldrich, USA).

2.9 Statistical analysis

Data are presented as mean ± standard deviation (SD). The

significance of differences between the control and irradiated

groups was determined using ANOVA’s t-test. A P–value

\0.05 was considered statistically significant. Individual P-

values for specific comparisons are indicated in figure legends.

3 Results

3.1 Proliferation and viability of irradiated hMSCs

To evaluate the effects of LDIR on the proliferation and

viability of hMSCs, we irradiated hMSCs at a dose of 10 or

50 mGy for 7 days, and then counted the number of hMSCs.

As shown in Fig. 2A, two-dose 5-day (5D–2), two-dose

7-day (7D–2), and three-dose 7-day (7D–3) irradiation of

hMSCs at 10 mGy per dose increased the proliferation of

hMSCs by 13.60% ± 2.04%, 8.36% ± 0.88% and

6.11% ± 4.17%, respectively, compared with non-irradiated

hMSCs. The viability of LDIR-exposed hMSCs was greater

than 95% on day 7. By contrast, the viability of hMSCs

exposed to 3-Gy irradiation was significantly lower than that

of LDIR-exposed hMSCs (Fig. 2B).

3.2 Apoptosis of irradiated hMSCs

To evaluate cellular damage after irradiation, we compared

apoptosis in LDIR-exposed hMSCs with that in 3-Gy–ir-

radiated hMSCs using TUNEL assays (Fig. 3A, B). The

frequency of apoptotic cells in the 7D-2 group exposed to

10 mGy, 50 mGy and 3 Gy irradiation was 2.31% ±

0.14%, 2.04% ± 0.32% and 10.97% ± 0.94%, respec-

tively, compared with 1.24% ± 0.03% in controls (0 Gy).

In the 7D-3 group, the corresponding values were

6.61% ± 0.62%, 2.72% ± 0.63%, and 15.84% ± 0.83%,

respectively, compared with 1.23% ± 0.02% in controls

(0 Gy). These latter data indicate that, although apoptosis

in LDIR-exposed hMSCs was significantly lower than that

in 3-Gy–irradiated hMSCs, more than three doses of LDIR

might lead to hMSC apoptosis.
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Fig. 6 Phenotypic characteristics and differentiation potentials of

hMSCs were maintained after LDIR. LDIR irradiated hMSCs were

analyzed with flow cytometry. The graphs showed that the means and

S.D. for hMSCs CD marker after two times LDIR A or three times

LDIR B at day 7 (n = 4). (*p\ 0.05, ** p\ 0.01, and

*** p\ 0.001)
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3.3 Cellular senescence and DNA-damage responses

of irradiated hMSCs

To determine how LDIR affects cellular senescence and

DNA-damage responses in hMSCs, we compared dose

effects on morphological changes of hMSCs. As shown in

Fig. 4A, hMSCs exposed to 10 or 50 mGy LDIR main-

tained their normal spindle-shaped fibroblast morphology,

showing no change in morphology compared with the non-

irradiated control group. They also showed a time-depen-

dent increase in their cell density. However, hMSCs irra-

diated with a dose of 3 Gy showed enlarged or flattened,

senescent morphologies on day 3 (Fig. 4A, arrow). This

senescent behavior of hMSCs increased gradually with

culture time and number of irradiation doses. hMSCs

irradiated with a dose of 3 Gy also showed lower cell

densities than LDIR-exposed hMSCs.

We evaluated LDIR effects on DNA damage and nuclei

size. To assess the DNA-damage effects of LDIR, we

evaluated expression of c-H2AX foci, a marker of radia-

tion-induced DNA strand breaks, using immunofluores-

cence and a quantitative assay. As shown in Fig. 4 (B and

C), no c-H2AX foci were detected in nuclei of LDIR-ex-

posed hMSCs or non-irradiated hMSCs, indicating that the

low dose used in these experiments did not induce DNA

strand breaks. By contrast, clear evidence of DNA damage

was detected following exposure to 3 Gy IR; at this dose,

the average numbers of c-H2AX foci in hMSCs exposed

twice or three times to a dose of 3 Gy were 2.78 ± 0.86

and 4.60 ± 1.79 per cell, respectively. To evaluate the

relationship between DNA damage and changes in nuclear

size after exposure to IR, we measured the sizes of nuclei

in at least 20 hMSC nuclei using image J (Fig. 4B, D). We

found no significant differences in DNA-damage and

nuclear size between LDIR-exposed hMSCs and non-irra-

diated controls. Interestingly, nucleus size in 3-Gy–irradi-

ated hMSCs was almost 2-fold greater than that of LDIR-

exposed hMSCs. The sizes of nuclei in irradiated hMSCs

were increased after IR irradiation in a dose-dependent

manner, especially at higher doses ([3 Gy).

3.4 Cell cycle of irradiated hMSCs

We evaluated the effect of LDIR on the cell cycle of

hMSCs using flow cytometry (Fig. 5). Quantitative analy-

ses of G0/G1, S, and G2/M phase populations revealed by

flow cytometry showed that 3-Gy–irradiated hMSCs

exhibited a decrease in G0/G1 and S phase populations and

an increase in the G2/M phase population (Fig. 5B).

However, hMSCs exposed to two-dose LDIR at 10 mGy

per dose showed no difference in the G2/M phase popu-

lation compared with non-irradiated controls (Fig. 5C).

3.5 Stemness of irradiated hMSCs

To further determine whether LDIR affects the stemness of

hMSCs, we examined the expression of surface CD

markers after two-dose LDIR at 10 mGy per dose. To this

end, we compared surface expression of positive markers

(CD29, CD44, CD90, and CD105) and negative markers

(CD34 and CD45) of hMSCs by FACS before and after c-
irradiation (Fig. 6). Quantitative analyses of FACS data

showed no difference in the expression of positive CD

markers between LDIR-exposed hMSCs and non-irradiated

controls. In contrast, hMSCs irradiated at a dose of 3 Gy

showed reduced expression of positive hMSC CD markers.

To examine the effects of LDIR (10 and 50 mGy) on the

stemness of hMSCs, we evaluated changes in the differ-

entiation potential of hMSCs before and after two-dose

LDIR at 10 mGy per dose. As shown in Fig. 7, intact

hMSCs and LDIR-exposed hMSCs were induced to dif-

ferentiate into osteogenic-, adipogenic-, and chondrogenic-

lineage cells. LDIR-exposed hMSCs were cultured in

osteogenic or adipogenic induction media for 28 and

15 days, respectively. To confirm osteoblast differentia-

tion, we stained LDIR-exposed hMSCs with alizarin red S

to evaluated calcium deposition around cells. Adipogenic

differentiation was determined by assessing lipid droplet

formation, using oil red O staining. For chondrogenic dif-

ferentiation, LDIR-exposed hMSCs were pellet-cultured

and maintained for 6 weeks in chondrogenic induction

media, after which chondrocyte-differentiated pellets were

treated with safranin O to stain glycosaminoglycans. These

analyses revealed no significant differences in the in vitro

differentiation potential between LDIR-exposed hMSCs

and non-irradiated controls.

4 Discussion

Several studies have reported that exposure of cells to

LDIR not only provides protection against radiation-in-

duced damage, but also stimulates cellular processes such

as proliferation, protein synthesis, and immune responses

[14]. For example, Liang et al. studied that LDIR at doses

up to 100 mGy could stimulate the proliferation of rMSCs

[19]. To date, IR has not been used for external cellular

stimulation of hMSCs in tissue engineering applications.

The effects of LDIR less than 50 mGy on biological

properties and stem cell characteristics of hMSCs remain

largely unknown.

In this study, we examined the possibility of using LDIR

as an external stimulator of hMSCs for tissue engineering

applications. hMSCs were exposed two or three times to

LDIR at doses less than 50 mGy; 3 Gy was used as a

negative control. Proliferation and viability of irradiated
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and control hMSCs were evaluated by counting viable

cells. Interestingly, 10 mGy of LDIR increased hMSC

viability by 8% (p\ 0.001) compared with non-irradiated

hMSCs (Fig. 2). The observation on proliferation of

hMSCs were consistent with those of rMSCs [19]. LDIR

less than 50 mGy had no significant effect on the viability

or apoptosis of hMSCs (Fig. 3). These data indicate that

two-dose LDIR at 10 mGy per dose enhanced the prolif-

eration of hMSCs and maintained their viability.

Before examining the effects of LDIR on the stemness

of hMSCs, we compared dose effects on cellular senes-

cence and DNA-damage responses in hMSCs. It is well

known that cellular senescence, characterized by the indi-

cated cellular morphological changes and elevated

expression of senescence-associated b-galactosidase, is

commonly caused by IR-induced DNA damage and

oxidative stress. Multiple mechanisms, including telomere

shortening, strong mitotic signals, activation of tumor-

suppressor genes and DNA damage, can trigger cellular

senescence [23]. Thus, IR-induced cellular senescence

might affect the stemness characteristics of hMSCs.

Thus, we evaluated its effects on DNA damage and

nuclei size, using a quantitative assay, and expression of c-
H2AX foci, as a marker of radiation-induced DNA strand

breaks, respectively. As shown in Fig. 4 (B and C), no c-
H2AX foci were detected in nuclei of LDIR-exposed

hMSCs or non-irradiated hMSCs, indicating that the low

dose used in these experiments did not induce DNA strand

breaks. By contrast, clear evidence of DNA damage was

detected following exposure to 3 Gy IR.

Besides, at 3 Gy, irradiated hMSCs exhibited enlarged

or flattened morphologies, consistent with a DNA damage-

induced senescence-like morphology [22–24]. However,

LDIR-exposed hMSCs showed no evidence of a

Fig. 7 Osteogenic, adipogenic and chondrogenic differentiation

potentials of LDIR irradiated hMSCs. Osteogenic differentiation

was confirmed by alizarin red S staining. Adipogenic differentiation

was stained with oil red O staining. And pellet cultured hMSCs were

stained by safranin O staining to confirm Chondrogenic

differentiation
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senescence-like morphology that would be indicative of

DNA damage (Fig. 4). It has been reported that cellular

senescence, a DNA damage response that occurs after

exposure to IR, accelerates the increase in the size of

cancer cell nuclei [25]. The sizes of nuclei in irradiated

hMSCs were increased after IR irradiation in a dose-de-

pendent manner, especially at higher doses ([3 Gy). The

DNA damage-associated increase in the size of nuclei in

3-Gy–irradiated hMSCs might account for the senescence

morphologies of hMSCs. In contrast, LDIR-exposed

hMSCs showed no evidence of induction of not only cel-

lular senescence or DNA damage, but also G2/M cell cycle

arrest in hMSCs.

Finally, we characterized the maintenance of hMSC

stemness, phenotypic surface markers, and in vitro differ-

entiation potential after exposure to LDIR. hMSCs irradi-

ated at a dose of 3 Gy showed reduced expression of

positive hMSC CD markers (Fig. 6). Because cellular

senescence is associated with changes in the stemness

characteristics of hMSCs, these results are consistent with

the effects of 3 Gy IR on senescence, noted above, as well

as the absence of a cellular senescence effect of LDIR at

doses of 10 or 50 mGy. Then, we evaluated changes in the

differentiation potential of hMSCs before and after two-

dose LDIR at 10 mGy per dose. LDIR-exposed hMSCs

were induced to differentiate into osteogenic-, adipogenic-,

and chondrogenic-lineage cells. To confirm osteoblast

differentiation, we stained LDIR-exposed hMSCs with

alizarin red S to evaluated calcium deposition around cells,

a marker of osteogenic differentiation. Adipogenic differ-

entiation was determined by assessing lipid droplet for-

mation, a marker of adipogenic differentiation, using oil

red O staining. For chondrogenic differentiation, pellet-

cultured LDIR-exposed hMSCs were treated with safranin

O to stain glycosaminoglycans, markers of chondrogenic

differentiation. These in vitro differentiation analyses

revealed no significant differences in the differentiation

potential between LDIR-exposed hMSCs and non-irradi-

ated controls (Fig. 7).

Clinical applications of hMSCs rely on the ability to

acquire sufficient numbers of cells. To date, a number of

physical stimuli, including tensile, compression, ultrasound

and hypoxic conditions, have been used to enhance pro-

liferation and differentiation of hMSCs for tissue engi-

neering applications [10–13]. In addition, exposure of cells

to LDIR imparts a radiation hormesis effect, providing not

only protection from IR-induced damage, but also stimu-

lating processes such as cell proliferation, protein synthe-

sis, and immune responses. For example, Hong et al. [26]

reported that low-dose c-radiation blocks IL-1b–induced
cartilage disorders by inhibiting catenin signaling. We also

showed that two-dose LDIR at 10 mGy per dose enhanced

the proliferation of hMSCs, but did not affect cellular

senescence or DNA damage in hMSCs. LDIR-exposed

hMSCs maintained their fibroblastic morphology and

nuclear size compared with non-irradiated controls, and did

not form c-H2AX foci. hMSCs exposed to this LDIR

regimen also maintained their stemness, as reflected in

their phenotypic characteristics and in vitro differentiation

potential.

In summary, we evaluated the possibility of using LDIR

as an external biological stimulus for hMSCs. Two-dose

LDIR at 10 mGy per dose increased the proliferation of

hMSCs while maintaining their stem cell characteristics

and in vitro differentiation potential. Importantly, LDIR at

doses less than 50 mGy did not affect cellular properties,

promote cellular senescence, or cause DNA damage

responses in hMSCs. Thus, LDIR stimulation at doses

below 50 mGy using c-rays could be a promising external-

stimulation approach for achieving in vitro expansion of

hMSCs for tissue engineering and regenerative medicine

applications. This hormesis effect of LDIR might also be

extended to hMSCs in vivo as a therapeutic strategy for

repairing normal tissue damaged during radiotherapy.
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