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Although ionizing radiation is known to induce cellular
senescence in vitro and in vivo, its long-term in vivo effects are
not well defined. In this study, we examined the prolonged
expression of senescence markers in mice irradiated with
single or fractionated doses. C57BL/6 female mice were
exposed to 5 Gy of y-rays in single or 5, 10, 25 fractions. At 2,
4, and 6 months after irradiation, senescence markers
including mitochondrial DNA (mtDNA) common deletion,
p21, and senescence-associated B-galactosidase (SA B-gal)
were monitored in the lung, liver, and kidney. Increases of
mtDNA deletion were detected in the lung, liver, and kidney
of irradiated groups. p21 expression and SA B-gal staining
were also increased in the irradiated groups compared to the
non-irradiated control group. Increases of senescence
markers persisted up to 6 months after irradiation.
Additionally, the extent of mtDNA deletion and the numbers
of SA B-gal positive cells were greater as the number of
radiation fractions increased. In conclusion, our results
showed that ionizing radiation, especially that delivered in
fractions, can cause the persistent upregulation of senescence
marker expression in vivo. This should be considered when
dealing with chronic normal tissue injuries caused by
radiation therapy or radiation accidents.
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Introduction

Aging or senescence occurs at the organ and cellular
levels. Most senescent cells are characterized by
morphological changes resulting in large, flat, and
multinucleated phenotypes [6]. In addition, senescence

cells show a stable and long-term loss of proliferative
capacity although cell viability and metabolic activity are
maintained. /n vivo senescence has been studied using
various animal models such as Drosophila melanogaster
and Caenorhabditis elegans due to their short lifespan and
fast breeding times [1,4]. Rodents, especially mice, have
also been used given their high genetic, physiological, and
anatomical similarities to humans. Long-living mutant
mice such as Snell dwarf, Ames dwarf, IGF-IR
hemizygous, and Klotho transgenic mice as well as
senescence-accelerated mice including SOD1 knockout,
PrxII knockout, and SAM-P8 mice have provided good
animal models for elucidating the aging mechanism and
developing anti-aging interventions [8,9,19,22,33].
However, the mechanisms of senescence in vivo remain
controversial although it appears that aging is associated
with several factors including telomere shortening [11],
mitochondria dysfunction [30], and accumulation of DNA
damage [34].

Ionizing radiation (IR) is a well-known inducer of oxidative
stress and DNA damage, which are important factors for
promoting the aging process. In fact, IR is known to trigger
the DNA damage response leading to premature senescence
along with apoptosis and growth arrest both in vitro and in
vivo [10,24]. Interestingly, responses to IR in vivo are
reported to be tissue-specific and dose-dependent, and the
proliferative capability and structural role of the affected
tissues seem to be determining factors that govern the
responses to IR [10]. However, the mechanism underlying
tissue- or cell-specific responses to IR remains largely
unknown. In terms of the long-term health effects of IR,
human studies on radiation therapy patients and Japanese
atomic bomb survivors have suggested that IR is associated
with aging and aging-related diseases [27]. There are also
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plenty of in vitro investigations and several short-term
animal studies demonstrating IR can induce premature
senescence [20,23,36]. However, the long-term effects of IR
on tissue senescence in irradiated animals have not been
studied in depth. At least one group reported the long-term
expression of senescence markers like DNA damaged foci
and p16 in the tissues of mice 12 weeks after exposure to a
single sublethal dose of total body irradiation [16].

The present study was conducted to find out whether IR
can induce or accelerate the aging process in mice by
investigating the long-term effects of IR on the expression
of various senescence markers in different tissues. In
addition, the effect of irradiation delivery, such as single or
fractionated doses, on senescence marker expression was
evaluated. We previously reported that more prominent
prolonged effects on immunological functions and lipid
metabolism are observed when irradiation is given in
fractionated doses than in a single dose [14,25]. For our
investigation, mice were given single or fractionated doses
of IR (in a total dose of 5 Gy), and senescence marker
expression in the mouse tissues was analyzed 2, 4, and 6
months after irradiation. The well-known senescence
markers we evaluated were mitochondrial DNA (mtDNA)
common deletion [35], cyclin-dependent kinase inhibitor
1A (p21) expression [21], and senescence-associated
[B-galactosidase (SA B-gal) [5]. Our results showed that
expression of these senescence markers was increased by
IR and remained elevated in the mouse tissues for as long
as 6 months after irradiation. Furthermore, fractionated IR
delivery was more efficient than the single dose for
inducing the development of these senescent phenotypes.

Materials and Methods

Mice
Female C57BL/6 (H-2") mice 7 weeks old were
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purchased from Orient Bio (Korea) and used for the
experiment after 1 week of quarantine and adaptation. The
mice were housed five to 10 animals per cage under
specific pathogen-free conditions at 22 + 2°C and 55~
60% relative humidity. The mice were fed a standard
animal diet (5L79; Orient Bio, Korea) and water ad
libitum. All animal experiments were performed according
to the guidelines for the use and care of laboratory animals
of Ministry of Health and Welfare (Korea), and were
approved by the Animal Care and Use Committee of the
Korea Atomic Energy Research Institute (KAERI).

Irradiation and tissue preparation

The mice were irradiated with "’Cs y-rays using a
Gammacell 40 Exactor (Nordion, Canada) at the KAERIL
The protocol used for mouse irradiation and analysis is
summarized in Fig. 1. Groups of 8-week-old C57BL/6
mice (nine mice per group) were exposed to whole-body
irradiation delivered in a single dose (5 Gy) or fractionated
doses (1 Gy x five times, 0.5 Gy x 10 times, or 0.2 Gy
x 25 times). The dose rate for delivering 5 Gy or 1 Gy
irradiation was 1 Gy/min. To minimize experimental error,
the dose rate was reduced to 0.1 Gy/min using an attenuator
when 0.5 Gy or 0.2 Gy was delivered. At 2, 4, and 6 months
after irradiation, the mice were sacrificed and lung, liver,
and kidney tissues were isolated. Non-irradiated two-
month-old mice and 24-month-old mice were used as
young and old controls, respectively. Tissues isolated from
the mice were immediately frozen in liquid nitrogen and
stored at —80°C until use.

Total DNA isolation

The tissues (50 ~ 100 mg) were homogenized for 30 sec
in 600 pL of digestion buffer (100 mM NaCl, 10 mM
Tris-Cl, pH 8.0; 25 mM EDTA, pH 8.0; 0.5% SDS, and 0.1
mg/mL proteinase K) and incubated at 50°C for 18 h. Total
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Fig. 1. Schematic illustration of irradiation delivery and experimental schedule. 8-week-old female C57BL/6 mice were irradiated with
a single dose (5 Gy % 1) or fractionated doses (0.2 Gy x 25, 0.5 Gy x 10, or 1 Gy X 5) of ionizing radiation (IR). The mice were then

sacrificed at 2, 4, and 6 months after the first exposure to radiation.



DNA was isolated by phenol-chloroform-isoamyl alcohol
extraction method and dissolved in 50 pL of Tris-EDTA
buffer (10 mM Tris-Cl, pH 7.4; 1 mM EDTA). The DNA
from three mice in each group was pooled together and
used to detect mtDNA and its common deletion with
nested PCR.

Detection of mtDNA common deletion by nested
PCR

The mtDNA common deletion (3867 bp) was detected as
previously described [35,38]. mtDNA was identified by
PCR amplification of a 355-bp constant region of mtDNA
using P1 and P2 (5" CGCTCTACTCACCATCTCTT 3’
and 5" TGCTTACCTTGTTACGACTTA 3") primers. To
confirm the presence of the deletion, nested PCR was
carried out using P3/P4 (5" AATTACAGGCTTCCGACA
CA 37/5" TTTAGGCTTAGGTTGAGAGA 37) and P5/P6
(5" ACCAACAGCTACCATTACATT 3'/5" TGATTGGG
TTTATGAGGTCTG 3") primer pairs. PCR with P1/P2 or
P3/P4 primer pair was performed in 30 pL reaction mixture
containing 1 pg of total DNA, 1 U Taq polymerase
(Neurotics, Korea), 1x Taq buffer (Neurotics, Korea), 200
pM dNTPs (Neurotics, Korea), and 10 pmol of each
primer. The 0.5 pL of PCR product mixture obtained from
the PCR with P3/P4 primer pair was used for the DNA
template of the second nested PCR with P5/P6 primer pair.
After an initial denaturation (94°C, 10 min), PCR
conditions for the different primer pairs were as follows:
[P1/P2] 30 cycles of denaturation at 94°C for 30 sec,
annealing at 55°C for 20 sec, and elongation at 72°C for 30
sec; [P3/P4] 35 cycles of denaturation at 94°C for 1 min,
annealing at 55°C for 1 min, and elongation at 72°C for 2
min; [P5/P6] 30 cycles of denaturation at 94°C for 1 min,
annealing at 55°C for 1 min, and elongation at 72°C for 1
min. All PCR programs concluded with a final elongation at
72°C for 10 min. The PCR products were electrophoresed
in a 1.2% agrarose gel and stained with ethidium bromide.
The DNA bands were visualized under UV light using
Kodak EDAS 290 digital imaging system (Eastman Kodak,
USA). Intensity of the amplified DNA bands was
quantified using Kodak ID 3.6 software (Eastman Kodak,
USA).

Western blotting

The tissues were homogenized with Omni TH tissue
homogenizer (Omni International, USA) in a 1 mL of
homogenization buffer [50 mM Tris-Cl, pH 8.0; 150 mM
NaCl; 0.2% SDS; 1% NP-40; 5 mM NaF; 1 mM Na3VOQOy; 2
mM EGTA; and proteinase inhibitor (Sigma-Aldrich,
USA)]. After centrifuging the mixture at 13,000 x g at 4°C
for 20 min, the supernatant was collected and its protein
concentration was determined using a bicinchoninic acid kit
(Thermo Fisher Scientific, USA). Tissue lysates obtained
from three mice of each group were pooled together. Next,
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25 pg protein were resolved with SDS-PAGE and transferred
onto polyvinylidene fluoride membranes (GE healthcare,
UK). The membranes were blocked in 5% skim milk at room
temperature for 2 h and incubated with an anti-p21 mouse
IgG antibody (1 : 1,000 dilution; BD Biosciences, USA)
overnight at 4°C. After washing with TBST (Tris-buffered
saline containing 0.1% Tween 20), the membranes were
incubated with an HRP-conjugated anti-mouse IgG antibody
(1 : 2,500 dilution; Cell Signaling Technologies, USA) at
room temperature for 1 h. The membranes were washed in
TBST, and the immunoreactive bands were then detected
using an Immobilon chemiluminescent detection kit (EMD
Millipore, USA). Densitometry to measure intensities of the
protein bands on X-ray film (Fujifilm, Japan) was performed
with Kodak ID 3.6 software.

SA B-gal-specific staining

SA B-gal staining in the kidneys was performed as
previously described [5] with some modifications. Briefly,
kidney tissue samples were snap-frozen in an optimal cutting
temperature compound (Sakura Finetek, Japan). Fresh frozen
sections (7-um thick) were cut with automatic cryocut
microtome (Leica Biosystems, Germany), mounted on
silane-coated glass slides (Paul Marienfeld, Germany), and
fixed in 10% formalin for 10 min at room temperature. The
sections were washed in phosphate buffered saline, incubated
in staining solution (1 mg/mL X-gal, 5 mM potassium
ferricyanide, 5 mM potassium ferrocyanide, 2 mM MgCla,
150 mM NaCl, and citric acid-sodium phosphate, pH 6.0) at
37°C for 16 h, and then counterstained with eosin (Junsei
Chemical, Japan). After photographing the slides with a
Leica DFC500 R2 digital camera (Leica Microsystems,
Germany), all cells and ones positive for SA -gal were
counted using ImagelJ software (ver. 1.38; National Institutes
of Health, USA). For each mouse (n = three per group), the
total number of cells analyzed was between 5,000 and 20,000.

Statistical analysis

Differences among the means of the groups were
statistically analyzed using a two-tailed Student’s ¢-test
with Microsoft Office Excel 2003 (Microsoft, USA).
Differences with p-values less than 5% were taken as
significant.

Results

Effect of IR on the appearance of mtDNA common
deletion in mouse tissues

As shown in Fig. 2A, the level of mtDNA common
deletion was higher in the lung, liver, and kidney of older
(24-month-old) mice compared to young (2-month-old)
animals as previously reported. We next determined
whether IR could induce the long-term formation of
mtDNA common deletion in the mouse tissues. As shown
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Fig. 2. Induction of mitochondrial DNA (mtDNA) common deletion (3867 bp) in the tissues of irradiated C57BL/6 mice. (A) Tissues
isolated from young (2-month-old) and old (24-month-old) animals were analyzed for mtDNA common deletion. (B) 8-week-old mice
were exposed to IR delivered in a single dose (5 Gy x 1) or fractionated doses (0.2 Gy x 25, 0.5 Gy x 10, or 1 Gy x 5), and sacrificed 2,

4, and 6 months after IR exposure.

in Fig. 2B, levels of mtDNA common deletion in the lung,
liver, and kidney tended to increase in the irradiated groups
compared to non-irradiated age-matched mice. Increases
of mtDNA common deletion in the irradiated groups were
detected up to 6 months after IR delivery. In addition, the
level of mtDNA common deletion tended to be higher in
the fractionated irradiation groups than in the single-dose
groups. Increases over 3-fold relative to the control group
were observed in only the fractionated irradiation groups.

Effect of IR on p21 expression in mouse tissues
Similar to previous reports showing that increased p21 is

associated with cellular senescence, higher protein levels
of p21 were observed in tissues from 24-month-old mice
compared to 2-month-old animals (Fig. 3A). We next
measured the expression of p21 in mice exposed to IR (Fig.
3B). In the lung, over 1.5-fold increases of p21 protein
levels compared to the control group were observed in the
0.2 Gy x 25 group 2 months after IR exposure, the 5 Gy x
1 group 4 months after IR delivery, and the 5 Gy x 1, 0.5 Gy
x 10, 0.2 Gy x 25 groups 6 months after irradiation. In the
liver, p21 levels were increased over 2-fold in all irradiated
groups 4 months after IR delivery, and by 1.5-fold in the
0.2 Gy x 25 group 6 months after IR administration. In



2 months after IR
o
S S AR
\ e NP S CLENC)
© & N R
—_——

Prolonged induction of senescence by irradiation 335

4 months after IR 6 months after IR

o R ©

’ Q A \\ﬂ S 4 N J{L
&N N O © &N N ©
& N0 o¥ AN NN

Lung Lung
B-actinE B-actin)-----i [-‘-‘- ] [— — — — —
4 2 3 4
c [ = f = [ =
S S S S
23 2 2 23
4 4 o2 °
52 81 5 52
[ o (3 (]
S > 21 2
T 1 k& k& T 1
& & & &
0 0 0
ISR S O\ B, oL .6 S O\ &, Oy O & &\ oy, O\ o
O 0\@0‘\ $ 0NN 000 RO N NN EOS N NS
,1/@ o + + + +
N \C
p21 [ — b21 [ - -— - - | e = FErT Y
Liver - Liver _ _
5 2 4 2
5 S S 5
34 2 33 2
(3 1% 0 1%}
8 g g g
a3 s S a
3 31 3 2 3 1
22 2 2 2
5, ks T 1 ©
[0 [} [} Q
o 4 2 ©
0 0 0
S¥O) ) > & N > & N & > & N R
NS & & L O 5 G [} Y 5 () [©) L O 5 9 [
VO NI SR N IS O M A2
& &
p21 [ —-— 021 [ —— ——] —_— a> o e - e o G &
Kidney Kidney | - | l ‘
practn [ practin [ — — — -] ————— EE===
3 2 2 2
8 S S 5
(7} 0 [ 73
85 3 8 3
g g g g
@ o1 o 1 o 1
2, 2 2 2
= K k& &
e & 3 &
0 0
S¥ S 2 > N & ) ) > &\ [ o)) S A & N )
RIS & & N “ N N o $ N )
OFS ™ IR %) N B 4w Q “ N B 0 Q 1% N O 4w
4‘L@O rpv&o & TN o o O N oY ® TN oY
N <

Fig. 3. Increased expression of p21 in tissues of irradiated C57BL/6 mice. (A) Tissues isolated from young (2-month-old) and old
(24-month-old) mice were analyzed for p21 protein expression. (B) 8-week-old C57BL/6 mice were exposed to a single dose (5 Gy x
1) or fractionated doses (0.2 Gy x 25, 0.5 Gy x 10, or 1 Gy x 5) of IR, and sacrificed at 2, 4, 6, months after radiation exposure.

kidney, p21 expression increased over 1.5-fold in the 0.2
Gy x 25 group 2 months after irradiation, the 1 Gy x 5
group 4 months after irradiation, and the 0.5 Gy x 10 and
0.2 Gy x 25 groups 6 months after IR delivery.

Effect of IR on SA B-gal expression in mouse kidney

The expression of SA [-gal, a well-recognized
senescence marker, was increased in the kidney of old mice
compared to that of young animals as shown in Figs. 4A
and C. Next, we observed increased numbers of SA
[-gal-positive cells in the kidneys of mice exposed to IR
(Figs. 4B and D). Two months after IR exposure, the
percentage of SA B-gal-positive cells was significantly
increased in all irradiated groups (0.8 ~7.0%) compared to

the control group (0.3%). Similar effects were also
observed 4 months (0.2% in the control group 0.2% vs. 0.9
~3.0% for the irradiated groups) and 6 months (3.2% in
the control group vs. 4.8 ~12.0% for the irradiated groups)
after IR exposure. Interestingly, higher numbers of SA
-gal-positive cells were observed as the number of
radiation fractions increased. The dependency of SA
-gal-positive cell numbers on the number of fractions was
consistently observed from 2 to 6 months after IR delivery.

Discussion

IR generates oxidative stress and DNA damage, and
thereby causes apoptosis or premature senescence in cells
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Fig. 4. Increased numbers of senescence-associated 3-galactosidase (SA -gal)-positive cells in the kidney of irradiated C57BL/6 mice.
(A and C) Kidneys isolated from young (2-month-old) and old (24-month-old) C57BL/6 mice were stained for SA -gal. (B and D)
Mice were exposed to IR delivered in a single dose (5 Gy x 1) or fractionated doses (0.2 Gy x 25, 0.5 Gy x 10, or 1 Gy x 5), and sacrificed
at 2, 4, and 6 months after radiation exposure. Cells stained blue are positive for SA B-gal. Significant differences relative to the control
group are indicated (*p < 0.05 and **p < 0.01). Scale bars =20 pm.

and tissues [10,24]. The long-term effects of IR on the
senescence or aging of cells, tissues, and organs are
therefore of great importance [27]. Although many in vitro
and short-term in vivo studies have shown that IR can
induce premature senescence [20,23,36], long-term in vivo
studies are lacking. We previously reported that IR can
produce long-term alterations of immunological functions
and lipid metabolism, and the fractionation scheme can
modulate the effects of IR [14,25]. Therefore, the present
study was performed to examine the long-term effects of
IR on tissue senescence in mice up to 6 months following
IR exposure. The impact of different irradiation delivery
schemes (single or fractionated doses) was also evaluated.

In the current study, mtDNA common deletion, p21
expression, and SA -gal staining were examined as in vivo
senescence markers. mtDNA common deletion is the
deletion of a specific sequence (4977 bp in humans and 3687
bp in mice) of the mitochondrial genome [2,26,35,38] and
has been proposed as a marker of aging. mtDNA deletions

are known to accumulate in human and mice tissues during
the normal aging process [38] as well as stress-induced
premature aging [2,26,35]. Increased expression of p21 is
also a well-recognized marker of cellular senescence [12].
p21 is transcriptionally controlled by p53, and acts as a
cyclin-dependent kinase inhibitor that promotes cell cycle
arrest and senescence [15,21]. SA B-gal expression is
widely used to identify senescent cells due to its strong
correlation with senescence and relatively simple detection.
However, the precise physiological association of SA B-gal
with senescence is largely unclear [3,5,7,13,31].

In our study, a total IR dose of 5 Gy was chosen since this
is the highest dose at which no significant additional
mortality was observed for 6 months in our preliminary
study (data not shown). We showed that a total of 5 Gy given
in a single dose or fractionated doses could persistently
induce the expression of these senescence markers in mouse
tissues. Increased levels of mtDNA common deletion, p21
expression and SA [B-gal staining were observed in the



tissues of the irradiated groups up to 6 months after IR
exposure. Although the persistent elevation of DNA damage
foci and p16 expression by IR has been previously reported
[16], our study is the first to demonstrate that IR also elicits
the long-term induction of mtDNA common deletion, p21
expression, and appearance of SA [-gal-positive cells.
These results provided additional evidence that IR can
promote long-term senescence in tissues.

Temporal changes of senescence markers observed in the
irradiated mice did not show clear time-dependency. The
induction of mtDNA common deletion, p21 expression, and
SA B-gal positivity were observed at 2 months after IR
delivery and persisted up to 6 months. In contrast, a previous
report showed that DNA damage foci appear shortly after IR
exposure but p16 expression is increased in liver, brain, and
lung tissues several weeks after IR exposure [16]. The
absence of time-dependent increases of senescence markers
in our study implies that the senescence markers examined
in this study reached the highest expression levels within 2
months and remained relatively unchanged afterwards.
Prolonged elevation of p21 and p16 levels is reported to be
associated with IR-induced senescence of hematopoietic
stem cells and human dental pulp stem cells [20,23,36].
Therefore, persistent elevation of p21 expression as well as
mtDNA common deletion and SA B-gal staining in the liver,
lung, and kidney observed in our study may be strong
evidence that IR can cause long-term organ aging or
senescence in mice.

Interestingly, our data also showed that fractionated
irradiation doses induced the appearance of mtDNA
deletion and SA [-gal staining more efficiently than a single
dose. The levels of mtDNA common deletion tended to
increase more in the fractionated irradiation groups than the
single-dose groups given that increases over 3-fold relative
to the control animals were observed in only the
fractionated irradiation animals. The effect of fractionated
irradiation delivery was more obvious on SA [3-gal staining
in the kidney. The number of SA [B-gal-positive cells
increased as the number of radiation fractions increased.

External factors that produce genotoxic stress like IR
provoke DNA damage responses mediated by p53 in a dose-
and tissue-specific manner [10]. Insufficient removal of
damaged cells through apoptosis can cause the
accumulation of senescent cells, leading to the development
of aging-associated diseases [32]. In our study, the
fractionated irradiation groups received a dose lower than 1
Gy at each delivery, which is not a sufficient dose to induce
apoptosis in normal tissues [17]. Therefore, it is possible
that persistent exposure to a low dose of radiation does not
eliminate damaged cells by apoptosis but instead results in
the accumulation of damaged cells. Thus, it would be
interesting to compare the effects of single and fractionated
doses of radiation on the balance of apoptotic and senescent
events during IR-induced tissue aging. In fact, it was

Prolonged induction of senescence by irradiation 337

recently reported that prolonged DNA damage responses
can promote senescence by inducing the expression of
senescence-associated inflammatory cytokines [28,37]. A
persistent inflammatory response is a candidate mechanism
underlying IR-induced disorders and premature aging [29].
Epidemiologic studies on cancer patients and atomic bomb
survivors showed that moderate or low doses of radiation
can induce non-cancer disorders, such as cardiovascular
diseases, which are associated with chronic inflammation
[18,27]. Therefore, it would be interesting to study the
long-term relationship between IR-induced senescence and
inflammation in vivo.

In conclusion, we demonstrated that IR can promote the
prolonged induction of senescence marker expression in
various tissues of mice. Additionally, fractionated doses of
irradiation resulted in more marked induction of mtDNA
deletion accumulation and SA [-gal staining than a single
dose of IR. Senescence or aging induced by IR is an
important issue in terms of normal tissue damage during
radiation therapy, and occupational or accidental exposure
to IR [27]. Our study provided evidence of prolonged in
vivo senescence induction by radiation. The senescence
markers and animal model we used are also applicable for
studying the long-term effects of IR on in vivo tissue and
organ aging.
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