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Irradiation Accelerates Plaque Formation
and Cellular Senescence in Flow-Altered
Carotid Arteries of Apolipoprotein E
Knock-Out Mice
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BACKGROUND: Chronic inflammation through cellular senescence, known as the senescence-associated secretory pheno-
type, is a mechanism of various organ diseases, including atherosclerosis. Particularly, ionizing radiation (IR) contributes
to cellular senescence by causing DNA damage. Although previous clinical studies have demonstrated that radiotherapy
causes atherosclerosis as a long-term side effect, the detailed mechanism is unclear. This study was conducted to investi-
gate the relationship between radiation-induced atherosclerosis and senescence-associated secretory phenotype in murine
carotid arteries.

METHODS AND RESULTS: Partial ligation of the left carotid artery branches in 9-week-old male apolipoprotein E-deficient mice
was performed to induce atherosclerosis. The mice received total body irradiation at a dose of 6 Gy using gamma rays at
2 weeks post operation. We compared the samples collected 4 weeks after IR with unirradiated control samples. The IR and
control groups presented pathologically progressive lesions in 90.9% and 72.3% of mice, respectively. Plaque volume, mac-
rophage accumulation, and phenotype switching of vascular smooth muscle cells were advanced in the IR group. Irradiated
samples showed increased persistent DNA damage response (563BP1 [p53 binding protein 1]), upregulated cyclin-dependent
kinase inhibitors (p16INK4a and p21), and elevated inflammatory chemokines expression (monocyte chemotactic protein-1,
keratinocyte-derived chemokine, and macrophage inflammatory protein 2).

CONCLUSIONS: IR promoted plaque growth in murine carotid arteries. Our findings support the possibility that senescence-
associated secretory phenotype aggravates atherogenesis in irradiated artery. This mice model might contribute to mecha-
nism elucidation of radiation-induced atherosclerosis.
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complication of radiotherapy. Although recent ad-
vances in cancer therapy have improved the prog-
nosis of cancer, cardiovascular disease remains a fatal
problem for people who have recovered from cancer.'?
Because radiotherapy for head and neck cancer ele-
vates the risk of cerebrovascular events,®* prevention

Radiation-induced atherosclerosis is a long-term

of ischemic stroke caused by radiation-induced carotid
artery stenosis (RI-CS) is crucial.> However, the patho-
physiological mechanism of radiation-induced athero-
sclerosis is unclear.

Recently, cellular senescence has attracted at-
tention as a new mechanism of chronic inflamma-
tion and organ disease.® It has been recognized as
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CLINICAL PERSPECTIVE

What Is New?

e This study provides a novel animal model of
radiation-induced carotid artery stenosis and
suggests that the senescence-associated
secretory phenotype partially affects plaque
progression.

What Are the Clinical Implications?

e This study may contribute to explication of
the mechanism about radiation-induced
atherosclerosis.

Nonstandard Abbreviations and Acronyms

CA carotid artery

IR jonizing radiation

PDDF persistent DNA damage foci

RI-CS radiation-induced carotid artery stenosis

SASP senescence-associated secretory
phenotype

TBI total body irradiation

VSMC vascular smooth muscle cell

an irreversible state of arresting cell proliferation and
contributor to aging and tumor suppression. In the
past few decades, the phenomenon of senescence-
associated secretory phenotype (SASP) has been es-
tablished as another aspect of cellular senescence,
in which senescent cells with DNA damage secrete
inflammatory cytokines and cause chronic inflamma-
tion in surrounding cells.”® As ionizing radiation (IR)
is a strong inducer of DNA damage, the possibility
of SASP was also demonstrated in IR-related chronic
diseases in vivo.®

Although DNA damage and senescent cells
accumulate in atherosclerotic plaques,’®'" how IR
affects cell senescence and plague formation is un-
clear. One reason for this is that no effective ani-
mal model of RI-CS has been reported. Therefore,
a new protocol for developing animals that present
RI-CS with a high probability is needed. Because
partial ligation of the carotid artery (CA) branches
was demonstrated as an experimental method for
inducing atherosclerotic lesions,'? we hypothesized
that total body irradiation (TBI) under this surgical
intervention would be an efficient protocol for in-
ducing RI-CS. Moreover, we examined whether
the SASP is associated with radiation-induced
atherosclerosis.

J Am Heart Assoc. 2021;0:020712. DOI: 10.1161/JAHA.120.020712
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METHODS

Supporting data are available from the corresponding
author upon a reasonable request.

Experimental Procedures

Apolipoprotein  E-deficient (ApoE™") mice on a
CB57BL/6J background (The Jackson Laboratory,
Bar Harbor, ME) were used in all experiments. Mice
were fed a western diet (F2WTD, Oriental Yeast, Tokyo,
Japan) from 7 weeks old to euthanization. At 9 weeks
of age, partial ligation of left CA was performed to
induce an atherosclerotic lesion as previously de-
scribed.”? Briefly, the left common carotid artery was
exposed under a ventral midline incision in the neck,
and 3 of the 4 caudal branches (external carotid artery,
internal carotid artery, and occipital artery) were ligated
with an 8-0 nylon suture under a microscope so that
the superior thyroid artery was left intact as an outlet
for blood flow (Figure 1A). During the operation, an-
esthesia was intraperitoneally administered with mixed
components (0.75 mg/kg dexmedetomidine; Nippon
Zenyaku Kogyo, Fukushima, Japan; 4 mg/kg mida-
zolam; Astellas Pharma, Tokyo, Japan; 5 mg/kg bu-
torphanol; Meiji Seika Pharma, Tokyo, Japan). After the
operation, the mice were recovered on a heating pad.
We defined baseline as 2 weeks after partial ligation. At
baseline, the mice were assigned to the IR or control
groups. Mice in the IR group were treated by TBI with
gamma rays from a cesium-137 source (Gammacell
40; Nordion, Otawa, Ontario, Canada) at a dose of
6 Gy. At 4 weeks after TBI, tissue samples were col-
lected under anesthesia by intraperitoneal injection of
mixed components (0.75 mg/kg dexmedetomiding;
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Figure 1. Experimental procedures.

A, Schematic representation of the surgical procedures.
Branches of left common carotid artery (CCA) were ligated
except for the superior thyroid artery (STA). STA remained intact
as an outlet for blood flow. ECA indicates external carotid artery;
ICA, internal carotid artery; and OA, occipital artery. B, Schedule
of the experiments. Apolipoprotein E-deficient (ApoE-/-) mice
underwent partial ligation of the left carotid artery at 9 weeks
old. At 2 weeks after ligation, mice in the baseline group
were sacrificed, and mice in the ionizing radiation (IR) group
was subjected to total body irradiation of 6 Gy. The IR group
and control group were sacrificed at 6 weeks (4 weeks after
irradiation).
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Nippon Zenyaku Kogyo, Fukushima, Japan; 4 mg/
kg midazolam; Astellas Pharma, Tokyo, Japan; 5 mg/
kg butorphanol; Meiji Seika Pharma, Tokyo, Japan)
(Figure 1B). For paraffin-embedded blocks, the CA,
esophagus, trachea, and sternomastoid muscle were
removed en bloc and fixed in 4% paraformaldehyde
phosphate buffer. In contrast, only CAs were excised
and frozen at —80°C for RNA extraction. Blood sam-
ples were collected by cardiac aspiration, and blood
serum was analyzed by Oriental Yeast. Because estro-
gen is a modulator of atherosclerosis, only male mice
were used to avoid the effects of estrogen. Animal
experiments were performed in accordance with the
guidelines established by Japan’'s Act on Welfare
and Management of Animals. All procedures were
approved by the Institutional Animal Care and Use
Committee and Ethics Committee of Kyoto University.

Morphologic Evaluation

Samples were sliced into 5-pum thick sections with a cry-
ostat. Sections from the portion with the most advanced
atherosclerotic lesion between the bifurcation of the CA
and 4 mm below the bifurcation were selected for analy-
sis. To analyze the lesions, the sections were stained by
the modified Elastica van Gieson method and observed
under a bright field microscope (BZ8100; Keyence,
Osaka, Japan). The intimal and medial areas of the CAs
were measured using a BZ-Il analyzer (Keyence). Each
lesion was pathologically classified according to the
modified American Heart Association criteria.'®

Immunofluorescence and
Immunohistochemistry Staining

To examine the features of the lesions between the 2
groups, samples with plaques were included. After
deparaffinization and rehydration, the sections were
exposed to heat-induced epitope retrieval in citrate
buffer (oH 6.0). For immunofluorescence analysis, the
sections were incubated with primary antibodies after
blocking with 2% bovine serum albumin for 20 minutes.
The sections were incubated with Alexa Fluor 488- and
594-labeled secondary antibodies (Invitrogen, Carlsbad,
CA) for 2 hours at room temperature. The slides were
covered with Prolong Gold antifade reagent with
4’,6-diamidino-2-phenylindole (Invitrogen). For immu-
nohistochemistry analysis, the sections were dipped in
0.3% H,0, in methanol to block peroxidase activity. The
sections were incubated with primary antibodies (diluted
with 2% bovine serum albumin) for 1 hour at room tem-
perature after blocking with 2.5% normal horse serum.
Following incubation with horseradish peroxidase-
conjugated secondary antibodies (ImMmPRESS Horse
Anti-Rabbit IgG Polymer Reagent; Vector Laboratories,
Burlingame, CA) for 30 minutes, the sections were
visualized using a 3,3-diaminobenzine Peroxidase
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Substrate Kit (Vector Laboratories) with hematoxylin
counterstaining.

The following antibodies were used: anti-alpha-
smooth muscle actin (19245, rabbit monoclonal, 1:200,
Cell Signaling Technology, Danvers, MA), antivimentin
(Alexa Fluor 488 conjugate, 9854, rabbit monoclonal,
1:200, Cell Signaling Technology), anti-lba-1 (013-27691,
rabbit polyclonal, 1:1000, Fuijiflm Wako, Osaka, Japan),
anti-gamma H2AX (05-636-I, mouse monoclonal, 1:250,
Millipore, Billerica, MA), anti-53BP1 (p53 binding protein 1;
NB100-304, rabbit polyclonal, 1:1000 and Alexa Fluor 594
conjugate, NB100-304AF594, rabbit polyclonal, 1:100,
Novus Biologicals, Littleton, CO), anti-p16INK4a (10883-
1-AP, rabbit polyclonal, 1:300, Proteintech, Rosemont, IL),
and anti-p21 (bs-10129R, rabbit polyclonal, 1:100, Bioss,
Woburn, MA). The slides were observed under a fluores-
cence microscope (BZ-X710; Keyence) and images were
analyzed using a BZ-X analyzer (Keyence).

Quantitative Real-Time Polymerase Chain
Reaction

Total RNA was extracted from the CAs with a RNeasy
Micro kit (QIAGEN, Hilden, Germany) and first-strand
cDNA was generated using High-Capacity cDNA
Reverse Transcription Kits (Thermo Fisher Scientific,
Waltham, MA). Two left CAs were combined to obtain a
sufficient amount of RNA per sample. Quantitative real-
time polymerase chain reaction was performed using
THUNDERBIRD SYBR gPCR Mix (TOYOBO, Osaka,
Japan) and an Applied Biosystems 7300 Real-Time PCR
System (Applied Biosystems, Foster City, CA). The data
were analyzed using the AACT method and normalized
tothe expression of the B-actin gene. Primers with the fol-
lowing sequences were used for polymerase chain reac-
tion: p16INK4a, 5-CATGTTGTTGAGGCTAGAGAGG-3
(forward) and 5-CACCGTAGTTGAGCAGAAGAG-3’
(reverse), p21, 5-CTAGAACAGGGATGGCAGTTAG-3’
(forward) and 5-GAGCAGCAGATCACCAGATTA-3' (re-
verse), monocyte chemotactic protein-1 (MCP-1), 5-GAA
GGAATGGGTCCAGACATAC-3’ (forward) and 5-TCACA
CTGGTCACTCCTACA-3' (reverse), keratinocyte-derived
chemokine (KC), 5-GCTGGCTTCTGACAACACTAT-3
(forward) and 5-TTCGCACAACACCCTTCTAC-3" (re-
verse), macrophage inflammatory protein 2 (MIP-2), 5-TA
AGCACCGAGGAGAGTAGAA-3’ (forward) and 5-GTG
CCTTACGAGGAAGACATAA-3 (reverse), 3-actin, 5-TGT
GACGTTGACATCCGTAAA-3 (forward) and 5-TAGGA
GCCAGAGCAGTAATCT-3’ (reverse).

Statistical Analysis

All data are presented as the mean and SD. Data were
statistically analyzed using the Mann-Whitney U test
with GraphPad Prism version 8 software (GraphPad,
Inc., San Diego, CA). A P<0.05 was considered to indi-
cate statistical significance.
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RESULTS

Effects of TBI on Body Weight and Serum
Lipid Profile

A total of 74 mice was used in this study. Three of 34
mice (8.82%) assigned to the IR group died after TBI.
Mice in the IR group showed a reduced body weight at
2 weeks after irradiation, which recovered by 4 weeks.
Mice in the control group showed a gradual increase

Radiation-Induced Atherosclerosis Via Senescence

in body weight and significantly higher increase ratio
than those in the IR group (IR group: 2.96+6.47%;
control group: 15.5+4.80%; n=11 each, P<0.0071;
Figure 2A). The 2 groups showed no significant dif-
ferences in serum lipid parameters: total cholesterol,
triglyceride, nonesterified fatty acid, low-density lipo-
protein cholesterol, and high-density lipoprotein cho-
lesterol. Serum albumin level showed no significant
differences between the 2 groups, but total protein
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Figure 2. General health.

A, Body weight change (n=11 each). Irradiated mice presented lower increase in body weight after ionizing radiation (IR) than control.
B, Blood test results (n=6 each). Serum lipid profile and albumin (ALB) level showed no significant differences between the 2 groups.
The IR group presented significant lower total protein (TP) level than the control group. Data are expressed as the mean+SD for each
group. (HDL-C indicates high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; NEFA, non-esterified fatty
acid; T-CHO, total cholesterol; and TG, triglyceride). *P<0.05 or ***P<0.001 vs the control group, as determined by Mann-Whitney U

test.
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level was significantly lower in the IR group than in the
control group (IR group: 5.48+1.55 g/dL, control group:
8.20+2.02 g/dL, n=6 each, P<0.05; Figure 2B).

IR Induces Plaque Progression

Pathologically progressive lesions were observed in
25.0% (2 of 8 mice) in the baseline group, 72.7% (8
of 11 mice) in the control group, and 90.9% (10 of 11
mice) in the IR group (Figure 3A and 3B). The intimal
area was significantly larger in the IR group than in
the control group (IR group: 7.52+3.75x10* um?; con-
trol group: 4.07+2.51x10* pm?, n=11 each; P<0.05;
Figure 3C). The intima media ratio was also elevated by
IR (IR group: 1.68+0.850; control group: 0.855+0.514,
n=11 each; P<0.05; Figure 3C).

IR Promotes Macrophage Accumulation
and Phenotype Switching of Vascular
Smooth Muscle Cells in Plaques

To evaluate plaque features, we investigated mac-
rophage accumulation and phenotype switching in
vascular smooth muscle cells (VSMCs). Iba-1 (ionized
calcium-binding adaptor protein-1) was used to identify

Radiation-Induced Atherosclerosis Via Senescence

macrophages.'* Plagues in the IR group contained
lba-1-positive cells at a higher rate than those in the
control group (IR group: 12.9+4.78%; control group:
7.99+3.70%, n=6 each; P<0.05; Figure 4A and 4B).
The contractile phenotype and synthetic phenotype
of VSMCs were examined by detecting alpha-smooth
muscle actin and vimentin, respectively.® We ob-
served low expression of alpha-smooth muscle actin
and high expression of vimentin in the plaques of IR
group (Figure 4C). Vimentin to alpha-smooth muscle
actin area ratio in the intima was significantly higher
in the IR group than in the control group (IR group:
0.941+£0.162; control group: 0.402+0.113, n=5 each;
P<0.01; Figure 4D).

IR Promotes Persistent DNA Damage in
Plaque

To investigate whether TBI at a dose of 6 Gy is
sufficient to induce DNA damage in the CAs, we
evaluated the expression of DNA damage markers
in samples collected immediately after IR. Gamma
H2AX and 53BP1 were used to detect DNA double-
strand breaks.'®" Immunofluorescence staining
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Figure 3. lonizing radiation (IR) accelerated atherosclerosis in carotid arteries (CAs).

A, Representative images of CAs stained by modified Elastica van Gieson staining. Scale bar indicates 100 pm. B, Pathological
classification of the lesions according to the modified American Heart Association criteria (=8 in the baseline group, n=11 each in the
control and IR groups). C, Morphological measurements of intimal area and intima media ratio (n=11 each). Data are expressed as the
mean=SD for each group. *P<0.05 vs the control group, as determined by Mann-Whitney U test.
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Figure 4. Increased accumulation of macrophages and advanced switching of the vascular smooth muscle cell phenotype

in irradiated carotid arteries.

A, Representative image of immunofluorescence staining for Iba-1 (red) in carotid arteries. Iba-1 was highly expressed in irradiated
plaque compared with in the control. B, Percentage of Iba-1-positive cells in the intima between the IR and control groups (n=6 each).
C, Representative image of multicolor staining with vimentin (green) and alpha-smooth muscle actin (a-SMA, red). The irradiated
plaques showed higher expression of vimentin and lower expression of a-SMA than control. D, Vimentin to a-SMA area ratio in the
intima (n=5 each). Scale bar indicates 50 ym. Data are expressed as the mean+SD for each group. *P<0.05 or **P<0.01 vs the control
group, as determined by Mann-Whitney U test. DAPI indicates 4',6-diamidino-2-phenylindole; Iba-1, ionized calcium-binding adaptor

protein-1; and IR, ionizing radiation.

revealed broad expression of gamma H2AX and
53BP1 foci in samples collected at 2 hours after ir-
radiation (Figure 5A), whereas expression of these
markers was not observed in unirradiated samples
(data not shown). Persistent DNA damage was ob-
served as the expression of 53BP1 foci. 53BP foci
remained in the intima and media at 4 weeks after
irradiation. The proportion of 53BP1-positive cells
in the IR group was significantly elevated compared
with that in the control group in both intima (IR group:
3.10+£0.911%; control group: 0.481+0.437%, n=7
each; P<0.001) and media (IR group: 2.52+1.85%;
control group: 0.403+0.394%, n=7 each; P<0.05)
(Figure 5B).

J Am Heart Assoc. 2021;0:020712. DOI: 10.1161/JAHA.120.020712

To investigate the features of 53BP1-positive cells
in plaques, we examined the localization of 53BP1 by
multicolor immunofluorescence staining. Most 53BP1-
positive cells in irradiated plaques were also vimentin
positive (81.3+7.55%, n=6; Figure 5C and 5E). In con-
trast, 53BP1 and lba-1 showed relatively low colocal-
ization (9.96+6.13%, n=6; Figure 5D and 5E).

Senescence Is Promoted in CA Plaques
by IR

Next, we investigated the expression of cyclin-
dependent kinase inhibitor proteins (p16INK4a and
p21) to evaluate cellular senescence. Cyclin-dependent
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Figure 5. Irradiated carotid arteries (CAs) presented DNA damage after radiation exposure.

A, Representative image of multiple immunofluorescence staining with gamma H2AX (red), 53BP1 (green), and 4/, 6-diamidino-2-
phenylindole (DAPI, blue) using samples collected at 2 hours after ionizing radiation (IR). Expression of DNA damage markers, gamma
H2AX and 53BP1, was broadly observed in both the intima and media of the CA. B, Proportion of 53BP1-positive cells in the intima
(left) and media (right) at 4 weeks after IR. Expression of 53BP1 foci in the IR group was significantly higher than in the control group
(n=7 each). C and D, Representative images of multicolor immunofluorescence staining using samples from the IR group. 53BP1 foci
(red) were expressed in vimentin-positive cells (green) (C). In contrast, Iba-1 (green) was expressed separately from the 53BP1 foci
(red) (D). E, Ratio of vimentin/Iba-1-positive cells in the intimal area among cells with 53BP1 foci (n=6 each). Scale bar indicates 20 pm.
Data are presented as the mean+SD. *P<0.05 or ***P<0.001 vs the control group (Mann-Whitney U test). 53BP1 indicates p53 binding
protein 1; DAPI indicates 4',6-diamidino-2-phenylindole; and Iba-1, ionized calcium-binding adaptor protein-1; and H2AX, histon e 5
protein 2ax.

kinase inhibitors promote cell cycle arrest, and the up-
regulation of p16INK4a and p21 is a characteristic of
cellular senescence.'®'9 |rradiated plaques contained
p16INK4a- and p21-positive cells at a higher rate than
those in unirradiated plaques (Figure 6A and 6C).

P<0.05, p21, IR group: 1.67+0.678; control group:
1.00+0.367, n=7 each; P<0.05; Figure 6E).

Influence of IR on Inflammatory Gene

Intimal cells positively stained for p16INK4a and p21
were significantly higher in the IR group than in the
control group (p16INK4a, IR group: 75.0+6.52%; con-
trol group: 55.7+6.43%, n=6-7; P<0.01, p21, IR group:
89.8+3.62%; control group: 73.5+3.83%, n=6 each;
P<0.01; Figure 6B and 6D). Similarly, mRNA expression
levels of p16INK4a and p21 were significantly higher in
the IR group than in the control group (p16INK4a, IR
group: 1.75+0.765; control group: 1.00+0.281, n=9-10;

J Am Heart Assoc. 2021;0:020712. DOI: 10.1161/JAHA.120.020712

Expression

We performed quantitative real-time polymerase chain
reaction to investigate whether IR induced the expres-
sion of inflammatory genes in CAs. Compared with
the control group, mMRNA expression levels of MCP-
1, KC, and MIP-2 were significantly higher in the IR
group (MCP-1, IR group: 1.71+0.760; control group:
1.00+0.374, n=9-10; P<0.05, KC, IR group: 4.63+5.53;
control group: 1.00+0.797, n=9-10; P<0.05, MIP-2, IR
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Figure 6. Cellular senescence advanced in irradiated carotid arteries (CAs).

Representative images of immunohistochemistry for p16INK4a (A) and p21 (C). Scale bar indicates 20 pm. Expression of both markers
was significantly higher in the intima of the IR group than in the control group (B, p16INK4a; D, p21, n=6-7 per group). E, mRNA
expression levels of p16INK4a (left) and p21 (right) were increased by IR (n=7-10 per group). Data are presented as the mean+SD.
*P<0.05, **P<0.01 vs the control group, as determined by Mann-Whitney U test. IR indicates ionizing radiation.

group: 4.63+3.57; control group: 1.00+0.899, n=9-10;
P<0.01, Figure 7).

DISCUSSION

In this study, irradiated murine CAs with altered blood
flow showed plaque progression accompanied by in-
creased persistent DNA damage, cellular senescence,
and inflammatory gene expression. These results sup-
port that SASP partially affects the development of
RI-CS.

Previous in vivo studies of RI-CS have revealed
the atherogenesis of Rl and the difficulty of obtaining
advanced plaques in murine CAs, even after long-
term observation.?®?! By performing partial ligation of
CAs, this protocol resulted in IR-accelerated plaque
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formation. Plaque progression is supported by both
increased plaque volume, advanced switching of the
VSMC phenotype, and increased accumulation of
macrophages. This protocol was effective for gener-
ating CA plaques because of the higher probability of
plague formation and shorter experimental period. In
addition, more than half of mice in the control group
presented progressive lesions, enabling examination of
plague features with or without IR. Because all organs
were irradiated in this protocol, the lower body weight
increase and lower serum total protein level in the IR
group were thought to result from appetite loss and
gastrointestinal symptoms, known as acute radiation
syndrome.??22 TBI at a dose of >6 Gy causes an in-
crease in mortality.?* Therefore, irradiation using TBI at
a dose of 6 Gy is a tolerable fatality rate. However, the
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Figure 7. mRNA expression levels of inflammatory chemokines in carotid arteries (CAs).

A, Monocyte chemotactic protein-1 (MCP-1), (B) keratinocyte-derived chemokine (KC), and (C)
macrophage inflammatory protein 2 (MIP-2). Irradiated CAs presented significantly higher expression of
each factor than control (h=9-10 each group). Data are expressed as the mean+SD. IR indicates ionizing
radiation. *P<0.05 or **P<0.01 vs the control group (Mann-Whitney U test).

local irradiation at a much higher dose is often em-
ployed in the radiotherapy to treat cancers. Hence, the
effects of irradiation may not be directly applicable in a
clinical setting.

DNA damage is a fundamental mechanism by
which radiation causes cellular damage. As soon as
DNA damage occurs because of cytotoxic effects, the
DNA repair pathway and DNA damage response are
activated. Double-strand breaks are the most crucial
type of DNA damage. Although most double-strand
breaks are transient and quickly repaired, some re-
main irreparable. Persistent DNA damage foci (PDDF)
after IR have been observed both in vitro and in vivo.”?°
In the current study, irradiated CAs contained PDDF
more frequently than unirradiated CAs, indicating the
existence of a persistent DNA damage response in
irradiated plaques. Further, most cells with PDDF in
CA plagues were also vimentin positive. This result
indicates that the irreparable DNA damage response
was sustained mainly in dedifferentiated VSMCs. Two
hypotheses were proposed: undifferentiated VSMCs
that had already existed in the intima at IR presented
with PDDF, or damaged VSMCs in the media migrated
to the intima after irradiation. The latter hypothesis is
supported by a previous study in which gamma irradi-
ation changed VSMCs to a dedifferentiated phenotype
and promoted VSMC migration.?® PDDF in VSMCs
indicated that local DNA damage was sustained in
irradiated CAs because most VSMCs in plaques are
derived from local VSMCs rather than from hemato-
poietic cells.?”?8

Because persistent DNA damage response causes
cellular senescence,” PDDF may contributes to the
promotion of cellular senescence in this irradiated
plague model. However, a discrepancy was observed
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between the extents of persistent DNA damage and
cellular senescence; the difference in senescent
marker expression between the IR group and control
group was much higher than the difference in 53BP1
expression between these groups. This may be be-
cause of the paracrine effect of SASP, indicating that
senescent cells with PDDF secrete inflammasomes
and cause surrounding cells to become senescent.?%50

Based on the high frequency of pl16INK4a- or
p21-positive cells observed in the irradiated plaques,
most irradiated VSMCs in the plaques demonstrated
the characteristic features of cellular senescence.
Senescent VSMCs secrete inflammatory cytokines
such as chemokines,®"%? showing aspects of SASP.
Collectively, our results support that IR promotes in-
flammation and plaque progression through SASP in
murine CAs, at least reflecting local DNA damage. In
addition, the senescence of VSMCs decreases col-
lagen and extracellular matrix secretion® and patho-
logically causes plaque vulnerability by promoting the
necrotic core and reducing the fibrin cap.®® A clinical
report showed that human radiation-induced plaque
obtained from carotid endarterectomy presented vul-
nerability with intraplaque hemorrhage and a necrotic
core.3* Such features were not evaluated in this study.
Further studies are needed to determine how senes-
cent cells affect plague instability.

The present study had 2 limitations. First, the present
study presented the possibility of SASP in RI-CS but
did not present the precise evaluation of SASP. In future
research, inhibitory tests for examination of the senes-
cence pathway are essential, and various mechanisms
other than SASP should be evaluated. Especially, apop-
tosis due to DNA damage, which also promotes athero-
sclerosis, may coexist with SASP in this mouse model.
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Furthermore, cellular senescence should be evaluated
in a multidirectional manner, including senescence-
associated beta-galactosidase. Second, this protocol
involved causing not only local DNA damage but also
systemic DNA damage through whole-body exposure
of radiation. Therefore, local and systemic effects cannot
be delineated. For example, we cannot confirm whether
lba-1-positive cells with 53BP1 foci indicate newly inva-
sive macrophages after IR or preexisting macrophages
at IR. Because hematopoietic stem cell senescence in-
duced by TBI has been demonstrated in vivo,®® SASP in
irradiated plaques might partly result from bone marrow
damage. Clonal hematopoiesis intermediate potential, a
premalignant state due to clonal expansion of hema-
topoietic cells, was recently observed as a pattern of
bone marrow damage.3® Because clonal hematopoiesis
intermediate potential has attracted attention as a new
mechanism of atherosclerosis,3® this mouse model
may also exhibit its influence. To distinguish local effects
from total body effects, further studies of local irradia-
tion only of the neck, or TBI except for the neck, must
be performed.

Analysis of our developed animal model of RI-CS
suggested that radiation aggravates atherosclerosis
via SASP. Therefore, our findings provide insight into
the mechanism underlying IR-induced atherosclerosis.

CONCLUSIONS

This study showed that irradiation accelerated plaque
formation in murine CAs with altered blood flow. The
irradiated plaques exhibited a persistent DNA damage
response, progression of cellular senescence, and in-
flammation. Based on our findings, the formation of RI-
CSs can be partly explained by SASP.
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