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ABSTRACT
A post-exposure cohort study in Hiroshima and Nagasaki reported that low-dose exposure to radiation heightened
the risk of cardiovascular diseases (CVD), such as stroke and myocardial infarction, by 14–18% per Gy. Moreover, the
risk of atherosclerosis in the coronary arteries reportedly increases with radiation therapy of the chest, including breast
and lung cancer treatment. Cellular senescence of vascular endothelial cells (ECs) is believed to play an important
role in radiation-induced CVDs. The molecular mechanism of age-related cellular senescence is believed to involve
genomic instability and DNA damage response (DDR); the chronic inflammation associated with senescence causes
cardiovascular damage. Therefore, vascular endothelial cell senescence is believed to induce the pathogenesis of CVDs
after radiation exposure. The findings of several prior studies have revealed that ionizing radiation (IR) induces cellular
senescence as well as cell death in ECs. We have previously reported that DDR activates endothelial nitric oxide
(NO) synthase, and NO production promotes endothelial senescence. Endothelial NO synthase (eNOS) is a major
isoform expressed in ECs that maintains cardiovascular homeostasis. Therefore, radiation-induced NO production,
a component of the DDR in ECs, may be involved in CVDs after radiation exposure. In this article, we describe the
pathology of radiation-induced CVD and the unique radio-response to radiation exposure in ECs.
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INTRODUCTION
Ionizing radiation (IR) causes acute and chronic injuries in living
organisms. Radiation-induced cellular injury is mainly due to DNA
damage in the nucleus [1]. To repair DNA lesions by IR, the DNA
damage response (DDR) coordinates the activation of cell-cycle
checkpoints, appropriate DNA repair pathways and numerous other
responses [2–4]. However, interactions between the DDR for recovery
and networks of kinase cascades within and across pathways remain
largely elusive.

Radiation incidents in Hiroshima, Nagasaki, Marshallese and
Chernobyl have shown that the injury pattern in exposed individuals
depends on the dose of IR [5–8]. Recently, a significant number of

studies have demonstrated that exposure of the cardiovascular system,
including the heart and vasculature, to radiation increases the risk of
cardiovascular disease (CVD) [9–12]. These side effects of radiation
exposure have been reported in cases of chest irradiation for the
treatment of Hodgkin’s lymphoma [13–15], lung cancer [10, 16]
and breast cancer [10, 17–19]. However, the molecular mechanisms
underlying radiation-induced CVD are not well understood [20, 21].

Accumulated epidemiological evidence indicates that several
CVDs occur after radiation exposure (Fig. 1). Pericarditis may occur
in a significant section of the myocardial tissue at relatively high doses
(>50 Gy) of radiation. Nevertheless, radiation-induced CVD can
occur at low doses (>0.5 Gy) as well. In fact, myocardial damage
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Fig. 1. Radiation exposure in the cardiovascular system. (A) Schematic for horizontal plane of radiation dose painting. The dotted
line indicates transverse plane of (B). (B) Schematic for radiation exposure to the cardiovascular system. Look up table indicates
radiation dose (e.g. Red = high dose region, Blue = low dose regions); the heart received a low, but significant, dose of irradiation.

can be diagnosed at doses lower than those inducing pericarditis
[22]. A cohort study involving Hiroshima and Nagasaki atomic bomb
survivors showed the potential magnitude of CVD risk [5]. The
number of radiation-related deaths due to circulatory diseases was
approximately a third as large as that of the deaths due to cancer.
Long-term effects at low doses are crucial because these patients
may be exposed to radiation by multiple computed tomography
scans, other relatively high-dose diagnostic medical procedures, and
radiotherapy that impacts the heart. Moreover, a systematic review
of CVD with radiation therapy demonstrated that cancer survivors
experience approximately 10% relative increase in coronary artery
disease per Gy of mean heart dose, which translates into one to two
excess deaths per 1,000 patients treated in 10 years [23]. Furthermore,
another meta-analysis showed that high dose radiation to the heart
may increase the incidence of cardiac event; subsequently, CVD after
IR contributes to the worse overall survival [24]. Overall, a significant
increase in the risk of CVD has been observed at a dose lower than the
accepted tolerance dose for the heart [25]. The DDR of endothelial
cells (ECs) is one of the molecular pathologies of radiation-induced
CVD. Furthermore, radiation-induced nitric oxide (NO) production
generates a unique DDR in ECs and induces senescence after radiation
exposure. In this article, we focus on the role of ECs in CVD and the
radio-response to IR with respect to the implications of radiation-
induced CVD.

Endothelial dysfunction causes CVD
A monolayer of ECs constitutes the vascular endothelium that coats
the inner surface of arteries, veins and capillaries [26]. On the inner-
most side of the vasculature, ECs sense information pertaining to the
circulatory system, including hormone secretion/circulation and the
intensity of blood flow. In addition, ECs maintain contact with chem-
ical compounds and cells in the blood. Because ECs form a barrier
between the blood and the tissues, in addition to performing endocrine
functions, they play an important physiological role in vascular home-
ostasis, including maintenance of blood fluidity, regulation of vascular
tone, modulation of pro-inflammatory molecule production, inflam-
matory immune responses and angiogenesis [27]. Vasoconstriction
and vasodilation are key functions required for meeting the cellular
requirement of oxygen levels. ECs produce NO to regulate vascular
tension. Increases in cGMP and cAMP levels by NO activate cellular
kinase cascades, such as protein kinase A (PKA) or protein kinase G
(PKG), leading to smooth-muscle relaxation. Furthermore, NO is a
major anti-platelet agent that boosts cAMP levels in platelets [26].
NO-dependent dysfunction of ECs is widely recognized as an initial
step toward CVD. Thus, the role of NO is not limited to the control
of cardiac or vascular contractility but extends to the regulation of
cardiovascular tissue [28].

Under inflammatory conditions, vasoconstrictors (angiotensin II,
endothelin-1 (ET-1) and prostaglandin H2) and vasodilators (NO and
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prostaglandin I2) control the permeability of ECs to infiltrating leuko-
cytes and modulate the coagulation process. Mediators of inflamma-
tion (Interleukin-6, tumor necrosis factor, vascular endothelial growth
factor and others) contribute to these phenotypes that manifest char-
acteristic EC behaviors associated with inflammation [29]. To respond
to these inflammatory mediators, ECs produce vasodilators and vaso-
constrictors that regulate the permeability of blood vessels. Therefore,
ECs play an important role in physiology and regulate the pathology
of circulatory systems. In addition to the modulation of blood circu-
lation, ECs play a central role in angiogenesis by invading the tissue
to form new vessels [30]. Although ECs maintain a quiescent state
under physiological conditions, tissue injury or hypoxia augments their
proliferation and invasiveness. This process is closely related to several
physiological events, such as wound healing, inflammatory disorders,
cancer development and diabetes mellitus. Thus, EC dysfunction is an
important risk factor for CVD [31, 32].

Aging and oxidative stress induces senescence in ECs
As described in the previous section, endothelial dysfunction leads to
CVD and accumulation of senescent ECs has been reported in age-
related diseases [33]; additionally, EC senescence contributes to arte-
rial stiffness, atherosclerosis, hypertension, stroke and coronary artery
disease [34, 35]. In vitro cellular senescence is attributed to telom-
ere dysfunction at the Hayflick cell division limit (replicative senes-
cence). In addition, stress response to intrinsic and extrinsic insults,
including oncogenic activation, oxidative and genotoxic stress, mito-
chondrial dysfunction, irradiation and chemotherapeutic agents also
induces senescence known as stress-induced premature senescence
[36, 37]. Cellular senescence in vivo can be categorized as early and
late (Fig. 2). Early senescence seems to be a programmed process that
is triggered in response to external stressors and contributes to tissue
homeostasis. In contrast, late senescence may result from long-term
persistent damage and is often associated with detrimental processes
such as aging. EC senescence has been found to play a key role in
vascular aging, leading to the initiation, progression and advancement
of CVD. Senescent ECs become flatter and enlarged, with a polyploid
nucleus, indicating the loss of vital functions, such as barrier integrity,
angiogenic property and cytokine production. For example, senescent
ECs show low NO production, increased ET-1 release and elevated
inflammation [34]. Thus, endothelial senescence contributes to the
development and progression of CVD. Along with the loss of func-
tion due to endothelial senescence, senescence-associated secretory
phenotype (SASP) also plays an important role in age-related CVD.
Cytokines, proteins and other factors secreted by ECs trigger a chronic
inflammatory status mediated by SASP. Normally, it is presumed that
SASP activates the immune system to eliminate senescent ECs; how-
ever, long-term persistence of senescent ECs and their specific SASP
can drive the pathological development of CVD.

Oxidative stress is another risk factor for CVD [38]. Reactive oxy-
gen species (ROS) and oxygen-containing highly reactive molecules
are by-products of cellular metabolism and play significant roles in cell
signaling and homeostasis [39]. Various environmental stresses, such
as ultraviolet radiation increase cellular ROS levels. The significant
forms of ROS in the cardiovascular system are superoxide, hydrogen
peroxide and hydroxyl radicals. ROS react readily with lipids, proteins,
carbohydrates and nucleic acids. This may result in significant damage

Fig. 2. Process of cellular senescence. Stepwise development of
cellular senescence induced by an external stressor.
Abbreviation: SASP, senescence-associated secretory
phenotype.

to biomolecules, termed oxidative stress; intensive oxidative stress
induces EC senescence and death. Endothelial senescence caused
by ROS is believed to initiate various CVD pathologies. Several
atherosclerosis risk factors, including hypertension, diabetes and
smoking, can cause elevation in the ROS levels in ECs [38]. Oxidative
stress induces endothelial dysfunction by upregulating adhesive
molecules to recruit inflammatory cells. In addition, ROS can react
to low-density lipoprotein (LDL) cholesterol particles and impair
their function [40]. Hepatocytes synthesize LDL, which is circulated
throughout the body to supply cholesterol to the organs. Cholesterol
plays a pivotal role in the maintenance of cellular membrane and
cellular metabolism; however, ROS can oxidize LDL, resulting in
structural complications. As the uptake of oxidized LDL is difficult for
cells, LDL accumulates in the blood circulation, and this could possibly
be the preliminary stage of atherogenesis. Furthermore, numerous
cardiovascular risk factors inhibit the dimerization of endothelial
NO synthase (eNOS) monomers, leading to improper electronic
transmission [35]. Electron leakage from the eNOS monomer in turn
induces superoxide production instead of NO production, amplifying
oxidative stress. Moreover, increased ROS can intensify genomic
instability, driving cellular senescence [41–43]. Thus, aging and
oxidative stress potentiate the pathological development of CVD by
inducing cellular senescence.

DDR-induced endothelial dysfunction after radiation
exposure

In the previous sections, we have discussed cardiovascular disorders
caused by endothelial dysfunction. Cellular senescence and oxidative
stress are also induced as a consequence of radio-response [44, 45].
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Radiation exposure damages all components of the cardiovascular
system, including the pericardium, myocardium, valves and coronary
arteries. However, relatively few studies have demonstrated the radio-
response of ECs. Classically, cardiovascular tissue, mainly the heart
tissue, is considered radio-resistant. ECs should possess higher radio-
sensitivity because cells with high duplication rate are characterized by
higher radiosensitivity. Thus, although muscle and connective tissue
are resistant to radiation exposure, ECs could be affected; dysfunction
in the endothelium that controls muscles and connective tissues may
lead to loss of function in the entire circulation, thereby causing CVD.

Radiation exposure causes significant DNA damage and oxidative
stress in ECs, leading to cell senescence and death. DNA damage
activates a massive cellular signaling network termed the DDR. The
primary transducer of DNA double-strand breaks is the protein
kinase ataxia telangiectasia mutated (ATM), which phosphorylates
numerous key players in various branches of the DDR. Further, ATM
and Rad3-related protein (ATR) kinase are activated primarily by
single-strand breaks that are generated following the induction of
DNA adducts or during the processing of double-stranded breaks or
collapsed replication forks. ATM and ATR have functional redundancy
because both can phosphorylate serine/threonine residues, followed
by glutamine [46]. More than 700 proteins are phosphorylated by
ATM/ATR [47]. Downstream of ATM/ATR, mitogen-activated
protein kinase (MAPK) is involved in directing cellular responses
and regulating cell functions, including proliferation, gene expression,
differentiation, mitosis, cell survival and apoptosis. Phosphorylation of
Ser15 of p53 protein by ATM is a typical cellular reaction, and this post-
translational modification enhances the stability of the p53 protein,
leading to cell-cycle arrest after IR [48–50]. ATM/ATR phosphorylate
the MAPK subfamily: extracellular signal-regulated kinase (ERK), c-
Jun N-terminal kinase ( JNK) and p38 MAPK (p38) [51, 52]. Two
upstream MAPK kinases, MAPK kinase (MAPKK) 1 and MAPKK2,
are activated by IR. Phosphorylation of these upstream MAPKs
induces a radio-response to radiation exposure via activator protein
1 (AP-1) transcription factor. ERK is activated in response to IR in an
ATM- and MEK1-dependent manner and is involved in apoptosis [53,
54]. Similarly, JNK is activated by IR in an ATM-dependent manner
and may induce pro-apoptotic functions; however, its substrates or
its relationship with other kinases recruited at the sites has not been
elucidated [55, 56]. Additionally, p38 MAPK enzymatic activity is
induced in response to DNA damage. Activated p38 phosphorylates
CDC25B, facilitating the initiation of G2/M arrest [57, 58].

It is well known that DDR and genomic instability, due to the
accumulation of DNA damage, causes cellular senescence [45, 59–
62]. In addition, IR induces early senescence in the exposed ECs [60].
Since endothelial senescence is a pathogenesis of age-related CVD,
radiation-induced senescence may be involved in the pathogenesis of
CVD post-radiation exposure. Moreover, cellular senescence induces
cytokine production by SASP. In age-related CVD, cytokines play an
important role in the disease pathology. Cytokines orchestrate complex
mesenchymal, epithelial and immune interactions that influence tissue
damage as well as restore integrity and homeostasis by promoting
angiogenesis and tissue regeneration or replacement by fibrosis. It
is well established that radiation induces inflammatory transcription
factors such as NF-κB, AP-1, and Signal Transducers and Activator of
Transcription (STAT) and various types of cytokines [63]. The main

effect of radiation is manifested by increased DNA damage. However,
this radiation-induced cytokine production causes additional damage
by amplifying the radiation-induced cellular response and immune
reaction and by intensifying tissue inflammation. In addition to
cytokines, radiation-induced damage causes the secretion or release
of damage-associated molecular patterns (DAMPs) [64]. DAMPs
are molecules released upon cellular stress or tissue injury and are
regarded as endogenous danger signals because they induce potent
inflammatory responses by activating the innate immune system
during non-infectious inflammation. Recently, emerging evidence has
indicated that DAMPs play a key role in the pathogenesis of human
diseases (e.g. autoimmune diseases, osteoarthritis, neurodegenerative
diseases and CVD) and may be valuable biomarkers for inflammatory
diseases, including age-related senescence [65]. The consequences
induced by DAMPs include vascular damage after radiation exposure,
interstitial fluid accumulation, inflammatory cell infiltration and the
formation of a lesion with a pro-oxidant microenvironment that is
hostile to pathogens and cells alike, with a spatially and temporally
expanded ‘danger’ zone.

Through DAMP and cytokine production, multiple layers of self-
amplifying feedback control circuits are created that prolong responses
for a long period after the initial radiation-induced ionization events.
Endothelial senescence due to radiation exposure impairs the regula-
tion of blood flow and barrier function. Therefore, radiation-induced
senescence of ECs is a major risk factor for CVD following radia-
tion exposure. In addition to CVD, EC senescence by DDR is pro-
posed to be involved in the progression of Alzheimer’s neuropathology
[66]. Thus, understanding the DDR of ECs is crucial for evaluating
radiation-induced side effects in multiple organs with blood vessels.

NO production as a component of DDR in ECs
Unlike most cell types, vascular ECs exert their physiological functions
in an NO-dependent manner [67]. NO regulates the functions of ECs
via two distinct pathways: an indirect pathway involving the activation
of PKA/PKG signaling and a direct pathway involving adduction to
other biomolecules [28]. In addition to lipids and DNA, NO can also
modify proteins, resulting in post-translational modifications that can
alter their function [68–70]. NO, the smallest signaling molecule, is
produced by NOS, which has three different isoforms [67]. These
enzymes catalyze the conversion of L-arginine and oxygen to NO
with the aid of several co-factors. Neuronal NOS (nNOS, NOS1)
is constitutively expressed in neurons, and inducible NOS (iNOS,
NOS2) is expressed in several cell types in response to inflammation.
eNOS (NOS3) is a major isoform expressed in ECs and is involved in
cardiovascular modulation.

The activation of eNOS is regulated by several post-translational
modifications. In quiescent cells, eNOS is present in lipid rafts that
are enriched in cholesterol and sphingolipids. Lipid rafts have dis-
tinct membrane phases with low membrane fluidity and modulate
protein–protein and protein–lipid interactions for cellular signal trans-
duction [71]. Lipid rafts include a significant number of receptors, such
as G protein-coupled receptors, growth factor receptors and calcium-
regulatory proteins. The localization of eNOS in lipid rafts may facili-
tate the communication between eNOS and activators. Myristylation
and palmitoylation of eNOS enhance its affinity toward the lipid raft,
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Fig. 3. Senescence in bovine aortic ECs by eNOS activation after radiation exposure. BAECs were irradiated at 4 Gy and incubated
for 48 h. Cells were stained with phalloidin-A549 and their morphology was visualized. Irradiated cells showed senescent-like
phenotype, and NO inhibitor L-NAME prevents senescence after radiation exposure. Blue; DAPI, Red; phalloidin-A594, Black
bar = 20 μm. Abbreviations: ECs, endothelial cells; eNOS, endothelial nitric oxide synthase; NO, nitric oxide.

and these acylations decrease NO production [67]. Furthermore, the
state of lipid rafts can affect downstream signaling cascades, such as the
MAPK pathway [71–76]. Abnormalities in sphingolipid composition
in senescent ECs leads to insulin resistance [77]. Because these signal-
ing pathways modulate eNOS function, lipid rafts may be involved in
eNOS activation in a multi-step process.

The intracellular Ca++ levels are important for eNOS activation
because eNOS requires calmodulin binding to exert maximal enzy-
matic activity. Calmodulin is a target of intracellular Ca++, which
changes its conformation in response to the respective adduct proteins.
When eNOS binds to calmodulin, it facilitates the transfer of electrons
from NADPH to the oxygenase domain for L-arginine catalyzation
[78]. Binding of calmodulin simultaneously inhibits the interaction
between lipid rafts and eNOS during the activation process. In addi-
tion, phosphorylation and de-phosphorylation of eNOS are critical
steps, together with acylation and calmodulin binding. Phosphoryla-
tion of Ser 1177 is a key activation locus, which enhances the binding
of calmodulin as well as the internal electron flux of eNOS. In contrast,
phosphorylation of Thr 495 attenuates the binding of calmodulin,
causing eNOS inactivation. Thus, the phosphorylation of Ser 1177
and the dephosphorylation of Thr 495 are eNOS activation-specific
markers.

The Akt pathway-dependent eNOS levels were elevated in irradi-
ated ECs in tumors, leading to an acceleration in NO release and associ-
ated increase in tumor blood flow demonstrating that radiation induces
activation of eNOS [79]. In addition to IR, ultraviolet radiation was
shown to augment CHK2 phosphorylation, leading to eNOS activa-
tion in bovine aortic ECs (bovine aortic ECs; BAECs) [74, 80] and
involvement of PKC-βII [81] and the MAPK pathway in NO produc-
tion in human vascular ECs and human umbilical vein ECs (HUVECs),
respectively [82]. These protein kinases, involved in eNOS activation,
are important signaling mediators of the DDR, downstream of ATM
kinase. We have previously demonstrated the role of ATM, a key regu-
lator of the DDR, in eNOS activation in ECs [56, 83]. Subsequently,
we reported the involvement of ATM in eNOS Ser 1177 phospho-
rylation [83]. We showed that glutamate is present sequentially after
Ser 1177 of eNOS (Human: 1171- srirtQSfsl −1180, Cow: 1171-

vtsrirtQSf -1180, Mouse: 1171- rirtQSfslq -1180), which is recog-
nized and phosphorylated by ATM. Consistently, an ATM inhibitor
markedly decreased the eNOS Ser 1179 phosphorylation [56]. ATM
is originally localized in the nucleolus to sense DNA damage; several
studies have shown that cytoplasmic-activated ATM translocates to
the cytoplasm to upregulate NF-κB [84], mTORC1 [85] and p38
MAPK [86]. Thus, ATM may phosphorylate eNOS both directly and
indirectly. Heat shock protein 90 (HSP90) is a well-conserved, highly
expressed molecular chaperone protein that assists in protein folding
and stabilization [87]. The chaperone HSP90 is involved in several
steps of DDR and has been shown to stabilize the trimeric MRN pro-
tein complex containing Mre11, Rad50 and Nbs1. To process homol-
ogous recombination, MRN complex recruits ATM to DNA lesions
[88, 89]. We previously found that inhibition of HSP90 disrupted
ATM activity and eNOS activation post-IR [83]. As most of the eNOS
is expressed in vascular ECs, ATM-dependent eNOS upregulation is
likely to be EC-specific, eliciting a unique DDR in ECs after radiation
exposure.

Interestingly, several studies have shown that radiation exposure
enhances eNOS Ser 1179 phosphorylation as well as eNOS gene/pro-
tein expression [56, 79]. It is well known that the DDR activates
several transcriptional factors, such as p53, Nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-κB), and AP-1/2 [47]. The
promoter region of the eNOS gene has been cloned from ECs of several
species, and there is a high degree of promoter sequence homology
among the different species [67]. Similar to many so-called constitu-
tively expressed proteins, the eNOS promoter lacks a typical TATA
box; however, there are multiple potential regulatory DNA sequences,
including a CCAT box, Sp1 sites, GATA motifs, CACCC boxes, AP-1
site, a p53-binding region and sterol-regulatory elements. Furthermore,
it was reported that inhibition of ATM or JNK decreased the radiation-
induced eNOS gene expression and NO production. Stress-activated
kinase JNK is a highly conserved serine/threonine kinase involved
in cell proliferation, differentiation, motility, apoptosis and survival
that co-ordinates with other MAPKs [55]. JNK phosphorylates c-
Jun, which binds to c-FOS to form AP-1. The promoter region of
eNOS has a transcription binding site for AP-1 as the MAPK-regulating
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Fig. 4. DDR in endothelial cells. Conventional DDR (left side) induces various cellular response as listed, and NO production may
generate an endothelial-specific response toward ionizing radiation in the cardiovascular system (right side). Abbreviations: NO,
nitric oxide; ROS, reactive oxygen species; RNS, reactive nitrogen species; CVD, cardiovascular disease.

transcription factor. Thus, these studies established that DDR induces
the expression and phosphorylation of eNOS to produce NO in ECs
after IR.

Radiation-induced eNOS activation induces
senescence of vascular ECs

NO release by eNOS in ECs exerts beneficial effects for the most
part, but it may also cause adverse effects in the cells, such as
DNA damage and subsequent mutagenesis [90]. However, several
studies have shown that NO may play a role in preventing cell death
[28, 91, 92]. As shown in Fig. 3, X-irradiation induced a senescence-
like phenotype in BAECs, which was mitigated by a general NOS
inhibitor (N-Nitro-L-arginine methylester; L-NAME). L-NAME
modifies the guanidino group of L-arginine and inhibits NO pro-
duction by blocking the binding of NOS to its substrate, L-arginine.

Corroborating these results, IR augmented the senescence-associated
β-galactosidase activity, and L-NAME treatment diminished the effect
[56]. Cell-cycle arrest is employed by cells to repair DNA damage
before cell proliferation. Although cell-cycle analysis showed G0/G1

arrest after irradiation, NOS inhibition attenuated this G0/G1 arrest in
BAECs post-IR. Moreover, these data indicated that NO activated by
DDR regulates the fate of ECs after radiation exposure.

Cellular senescence plays a distinct role in chronic diseases [65, 93].
EC senescence is involved not only in CVD but also in the progression
of Alzheimer’s neuropathology [66]. In the molecular mechanisms
of NO-mediated senescence, reactive nitrogen species (RNS) may be
involved in the pathology of CVD following IR. RNS are a family of
antimicrobial molecules derived from peroxynitrite (ONOO−), NO,
and superoxide, which work in conjunction with ROS [90]. RNS
can modify proteins by the nitration of cysteine (S-nitrosylation) and
tyrosine (3-Nitrotyrosine), and nitrated proteins lose their ability to
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maintain bio-systems [90, 94]. Although RNS functions in several
organs along with ROS, relatively few studies have demonstrated its
involvement in NO production and endothelial dysfunction. Further
studies are needed to understand the role of radiation-induced NO in
the mechanism of senescence to understand its pathological effects on
the cardiovascular system.

CONCLUSION AND PERSPECTIVES
The technological developments in radiation therapy facilitate high-
dose radiotherapy. However, some portion of the radiation attacks
healthy tissues. Along with its tumoricidal action, avoiding radiation-
induced side effects is an important factor in radiation therapy. Since
radiation-induced CVD is a lethal side effect, preventing it is crucial
for effective radiotherapy. This article provides insights into EC
physiology and their role in the pathological development of age-
and radiation-related CVD. Because senescent ECs were difficult to
remove and release pro-inflammatory cytokines [34], senescent ECs
play an important role in inducing CVD after radiation exposure.
DDR plays a significant role in the cellular response to IR and is
involved in radiation-induced eNOS activation. DDR in irradiated
ECs includes the hyper-production of NO, resulting from molecular
mechanisms caused by radiation-induced eNOS activation. The
phosphorylation of eNOS-Ser1179 and the activation of eNOS post-
irradiation are modulated by the master regulators of DDR, ATM and
ATR kinases. Considering that eNOS is more likely to be expressed
in vascular ECs than in other tissues, NO production induced by
the DDR is one of the unique signaling mechanisms in the body
(Fig. 4).

Although radiation-induced CVD is a fatal side effect of radiation
therapy, the radio-response of ECs to IR has not been investigated so
far, especially at low doses [20]. This is an important issue in outer
space research/development and medical exposure. In space, expo-
sure to cosmic rays during the round trip between Mars and Earth is
believed to be equivalent to approximately 0.7 Gy radiation exposure
[2]. The risk of carcinogenesis in the same dose range is 5%, while the
risk of CVD increases by 10–13% [5]. Therefore, this issue is important
not only for radiation treatment but also for space development. Thus,
elucidation of the molecular pathology of radiation-induced CVD is
essential for medical purposes as well as for mitigating the risk of CVD
in outer space activity.

It is well elucidated that DDR plays an important role in the deter-
mination of cellular fate after radiation exposure. In this article, we
summarize the pathology of age-related and radiation-induced CVD.
We also describe the role of eNOS and NO in the senescence of ECs
following radiation exposure. Enhanced NO production in patients
receiving radiation treatment may heighten the risk of injury to normal
tissues in the cardiovascular system. Further study is warranted to elu-
cidate the role of radiation-induced NO in the mechanism of radiation-
induced senescence.
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