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SUMMARY
In radiation therapy for cancer, the therapeutic ratio represents an optimal balance between tumor control and
normal tissue complications. As improvements in the therapeutic arsenal against cancer extend longevity, the
importance of late effects of radiation increases, particularly those caused by vascular endothelial injury. Radiation
both initiates and accelerates atherosclerosis, leading to vascular events like stroke, coronary artery disease, and
peripheral artery disease. Increased levels of proinﬂammatory cytokines in the blood of long-term survivors of the
atomic bomb suggest that radiation evokes a systemic inﬂammatory state responsible for chronic vascular side effects. In this review, the authors offer an overview of potential mechanisms implicated in radiation-induced vascular
injury. (J Am Coll Cardiol Basic Trans Science 2018;3:563–72) Published by Elsevier on behalf of the American College of
Cardiology Foundation. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
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adiation is used to treat 50% to 60% of patients

bomb survivors showed that their relative risk of coro-

with cancer (1). Technologic improvements

nary events increased by 14% per Gy of radiation and

and the advent of multimodality therapy

that for stroke by 9% per Gy, in addition to increasing

have extended survival times for many cancer pa-

the incidence of cirrhosis and chronic kidney disease,

tients, underscoring the importance of minimizing

both implicated in cerebrovascular and cardiovascular

long-term treatment-induced toxicity. Radiation’s ef-

disease (3). Cancer clinical trials often do not prospec-

fects on cardiovascular outcomes have been docu-

tively

mented

morbidity,

in

long-term

survivors

after

thoracic

evaluate

cardiovascular

resulting

in

mortality

under-reporting

of

and
this

radiation therapy (RT) for mediastinal Hodgkin lym-

treatment-related toxicity. Nonetheless there is accu-

phoma and breast malignancies (2). Head and neck

mulating clinical evidence of vascular consequences

RT has also been implicated in stroke (from irradiation

from exposure to ionizing radiation, and a comprehen-

of the carotid) and in metabolic syndrome (from irradi-

sive understanding of the underlying molecular and

ation of the pituitary). Epidemiologic studies of atomic

pathophysiological mechanisms is necessary, as we
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ABBREVIATIONS

begin to catalog, deﬁne, and ﬁnd remedies for

AND ACRONYMS

this problem. This review provides an over-

ATM = ataxia telangiectasia
mutated

CD = cluster of differentiation
EC = endothelial cell
HUVEC = human umbilical vein
endothelial cell

IGF = insulin-like growth factor
IGFBP = insulin-like growth
factor binding protein

LDL = low-density lipoprotein
MAPK = mitogen-activated

view

of

the

current

radiation-induced

knowledge

vascular

RADIATION EFFECTS ON ENDOTHELIAL CELLS

about

Among all blood vessels that typically have 3 layers,

endothelial

the tunica intima, media, and adventitia, capillaries

injury.

are the most radiosensitive because they have just a

A unifying theme in radiation injury to

single layer of endothelium, the tunica intima, which

many organ sites (e.g., liver, heart, kidney,

is exquisitely susceptible to ionizing radiation (5).

gastrointestinal

and

Notably, this heightened sensitivity is not a conse-

lungs) is the organs’ high concentration of

quence of the relative abundance of capillaries

highly radiosensitive capillaries lined with

compared with that of larger caliber vessels. In

endothelial

of

comparing vessels of different calibers, capillary

vascular injury at speciﬁc subsites are not

rarefaction with disruption, extravasation, micro-

fully

petechiae formation, and inﬂammatory changes were

tract,

cells

skin,

(ECs).

characterized,

Outcomes

and

cause-and-effect

protein kinase

relationships

mTOR = mammalian target of

established. The clinical manifestation of

rapamycin

vascular injury to a speciﬁc subsite is

NEMO = nuclear factor kappa B

driven by its function, extent of injury, and

depending on the radiation dose and the organ in

essential modulator

time lapsed since that injury. It is within

which they reside. Acute effects appear in days to

NF-kB = nuclear factor-kappa

this context that there is a need for greater

weeks, whereas chronic effects can take months to

understanding of the pathophysiology of

years to manifest. Acute radiation effects, espe-

radiation effects on the micro- and macro-

cially in the gastrointestinal tract, hematopoietic

vasculature, particularly to guide strategies

system, and lungs, are triggered by EC apoptosis.

to limit long-term deleterious effects by

Chronic effects reﬂect EC senescence in coronary

using drugs targeted to speciﬁc molecular

arteries, cerebral circulation, and lung, liver, and

pathways. The abundant expression of ni-

peripheral arteries. In response to conventionally

tric oxide, thrombomodulin, prostacyclin,

fractionated RT, approximately 90% of ECs expe-

beta

ROS = reactive oxygen species
SEK1 = stress-activated protein
kinase 1

TNF = tumor necrosis factor
XIAP = X-linked inhibitor of
apoptosis

endothelin,
adhesion

have

brain,

not

platelet-activating
molecules

factor,

ECs

suggest

fully

and

cell

more pronounced with microcascular irradiation than
macrovascular irradiation.
ECs

rience

respond

mitotic

to

radiation

cell

death

in

several

without

ways

apoptosis,

possible

whereas a larger fractional dose of radiation can

signaling cascades that may play a role in mediating

induce apoptotic cell death. In addition to radia-

anti-inﬂammatory,

tion dose, fraction size used and intrinsic nature of

antiatherogenic,

by

been

antiﬁbrogenic,

and

vasoactive

anticoagulant,
effects

(4).

In

the vasculature that is distinct to each organ,

addition, radiation-induced damage to the vascular

another factor that deﬁnes the response of vessels

endothelium could shift the balance of pro- and

to ionizing radiation, is the degree of differentia-

anti-inﬂammatory cytokines, release a burst of

tion of ECs. It is increasingly recognized that

reactive oxygen species (ROS); dysregulate glycol-

endothelial progenitor cells (EPCs) are seen not

ysis, lipid metabolic pathways or angiogenesis;

only in embryonic tissues but in bone marrow, and

disrupt telomere function; and/or perturb immunity

other tissues have a reservoir of EPCs that actively

homeostasis. Like other known off-target effects of

contribute

radiation (e.g., bystander effect and paracrine and

functioning

clastogenic effects), these acute effects may trigger

dysfunction (6). Notably, if higher doses ($10 Gy)

long-term vascular dysfunction if unchecked or

are used, EPCs undergo p53 stabilization, p21-

inadequately compensated for.

mediated

In this review, drawn largely from in vitro and
in vivo experiments (which often involve radiation

apoptosis,

to
of

cell

vascular
EPCs

cycle

whereas

remodeling;

maladaptive

contributes

to

arrest,

and

vascular

Bax-mediated

well-differentiated

ECs

un-

dergo cellular senescence similar to aging and

fraction sizes not routinely used in clinical practice),

premature atherosclerosis (7). The mode of EC

we summarize current knowledge of the incidence,

death or functional impairment could then stimu-

severity, molecular mechanisms, and consequences

late a chronic inﬂammatory state or acute capillary

of radiation-induced damage to the vascular endo-

rarefaction and, consequently, leaky and disor-

thelium.

un-

dered vascular networks that alter normal vascular

derpinnings of such consequences of radiation could

homeostasis. We highlight these physiological re-

open doors to recognizing these effects, monitoring

sponses of ECs to radiation ﬁrst and then explore

for them, and evaluating strategies to mitigate or

the molecular mechanisms and signaling pathways

protect against them.

involved.

Appreciation

of
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mechanistic
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F I G U R E 1 Proposed Interplay Between Apoptosis and Endothelial Senescence and Its Implications for Pathogenesis

ATM ¼ ataxia telangiectasia mutated; b-FGF ¼ basic ﬁbroblast growth factor; ERK ¼ extracellular signal-regulated kinase; IGF ¼ insulin-like
growth factor; LDL ¼ low-density lipoprotein; MAPK ¼ mitogen-activated protein kinase; SASP ¼ senescence-associated secretory
phenotype; SEK1 ¼ stress-activated protein kinase 1; TNF ¼ tumor necrosis factor.

ENDOTHELIAL

SENESCENCE. EC

has

study of human umbilical vein endothelial cells

been implicated in long-term vascular dysfunctional

senescence

(HUVECs), irradiation from 2 to 4 Gy increased the

states like premature atherosclerosis, chronic lung

expression of b-galactosidase and several senescence-

disease, and aging (8). Senescence results from telo-

associated genes (e.g., insulin-like growth factor

mere shortening (replicative senescence), increased

binding protein 5 [IGFBP-5], CD44, plasminogen

oncogene expression, or DNA damage. Senescence

activator, JAG1, and Sprout homolog 4) (10). That

induced by DNA damage from irradiation is distinct

group also showed that IGFBP-induced senescence

from replicative or oncogene-induced senescence in

was mediated by p53 independent of p16 in ECs, but

that it does not involve epigenetic aging (9). Senes-

in other cells, p53 was required to initiate senescence,

cence in ECs leads to a senescence-associated secre-

and p16 was required to maintain it (11). Others in-

tory phenotype in which cytokines, proteins, and

vestigators have found that replicative senescence

other factors secreted by ECs cause dysfunction of

mediated by p53 with enhanced p16 expression is

adjacent cells or lead to a chronic inﬂammatory state.

irreversible, but such senescence is reversible if p16 is

One group of investigators quantiﬁed the re-

not up-regulated (12). Another group found that

sponses of human cord blood and those of adult ECs

chronic low-dose irradiation to HUVECs led to inac-

to various doses and fractions of 160 kVp x-rays. Both

tivation of the Akt/PI3K/mTOR pathway. Partial pre-

types of ECs had negligible levels of apoptosis at 3 Gy,

mature senescence was noted after exposure to 1.4

but as the dose increased to 10 Gy, the cord ECs

mGy/h, and full premature senescence was observed

exhibited

staining

after 2.4 mGy/h. Total Akt showed a biphasic

(apoptosis), and the adult ECs showed increased b -

response, with a spike at weeks 1 and 10, whereas

galactosidase staining (senescence) (7). Therefore,

phosphorylated Akt, PI3K, and mTOR were reduced at

the degree of maturation of ECs and radiation fraction

week

size deﬁne the mode of EC death after RT. In a similar

pathway,

high

levels

of

annexin

V

10.

Downstream
Rho

of

cytoskeletal

the

Akt/PI3K/mTOR

proteins

were

also
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F I G U R E 2 Possible Mechanisms Implicated in Radiation-Induced Vascular Injury

similar to cells undergoing replicative senescence.
The initiating event for the adhesion was found to
be

demethylation

of

the

CD44

promoter

and,

consequently, epigenetic activation of CD44 (16).
Another group found that irradiating pulmonary
vascular ECs with 2 to 50 Gy led to apoptotic rather
than necrotic death and also accelerated senescence. Although classic features of endoplasmic reticulum

stress

were

observed,

they

were

not

essential for the development of senescence, suggesting that radiation-induced endoplasmic reticulum stress can induce apoptosis but not contribute
to senescence (17). Another gene product often
upregulated in response to radiation is nuclear
factor-kappa beta (NF- k B). In one study, treating
HUVECs with a small-molecule inhibitor of the NF-

kB essential modulator (NEMO) blocked radiationinduced activation of NF-k B and transcription of
interleukin (IL)-6 (which modulates senescence) and
p53-induced

death

domain

(which

modulates

apoptosis). These ﬁndings suggest that DNA strand
breaks induced by radiation activate NEMO/NF- kB
signaling to drive a senescence-associated phenotype in ECs (18). Induction of another downstream
gene product of NF-kB activation, X-linked inhibitor
of apoptosis-associated factor (XAF)-1, by radiation
also increased senescence in human pulmonary
microvascular EC; that study further conﬁrmed that
XAF1 is transcriptionally regulated by bromodomain
7 and mediates the induction of senescence by p53,
independent of p16 (19). Increased accumulation of
senescent cells may overwhelm the capacity for
CAD ¼ coronary artery disease; CNS ¼ central nervous system; CVA ¼ cerebrovascular
accident; CXCL ¼ chemokine ligand; IGFBP-5 ¼ insulin-like growth factor binding
protein; NEMO ¼ nuclear factor kappa B essential modulator; PAD ¼ peripheral

endogenous clearance, leading to a constellation of
inﬂammatory cytokines, chemokines, and extracel-

artery disease; PAI ¼ plasminogen activator inhibitor; SMA ¼ smooth muscle actin;

lular proteases (collectively termed “senescence-

SPRY ¼ sprout homolog; TLR ¼ Toll-like receptor; vWF ¼ von Willebrand factor;

associated

XIAP ¼ X-linked inhibitor of apoptosis.

aging-related vascular abnormalities (20). Collec-

secretory

phenotype”)

implicated

in

tively, these ﬁndings reinforce the notion that
senescence is a major contributor to radiationdownregulated, suggesting 1 possible mechanism by

induced endothelial dysfunction and that pathways

which senescence led to slower growth and perhaps

of EC senescence are varied and diverse and extend

increased vascular permeability (13). This ﬁnding is

beyond the ECs themselves.

consistent with reports that mTOR regulates actin

APOPTOTIC CELL DEATH. Acute radiation side ef-

polymerization and interaction with cell adhesion

fects reﬂect a combination of epithelial and vascular

molecules like integrin, thus affecting vascular

damage, with the affected organ determining which

smooth muscle contractility (13,14).

one

predominates.

In

addition

to

senescence,

A well-described marker of age-related athero-

ionizing radiation can also induce apoptotic cell

sclerotic progression is surface expression of the

death; indeed, apoptotic cell death of vascular ECs

cell adhesion protein CD44 on senescent ECs, which

has been implicated in acute radiation syndrome,

evokes greater adhesion of monocytes to ECs, a key

but its role in long-term sequelae is largely un-

factor in atherosclerosis (15). One study showed that

known. Also unclear are which molecular mecha-

irradiating human coronary ECs led to increased

nisms

CD44 expression and adhesion of monocytes to ECs,

apoptosis, or both.

dictate

when

ECs

undergo

senescence,
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C ENTR AL I LL U STRA T I O N Changes That Occur in Vasculature After Radiation Exposure

Venkatesulu, B.P. et al. J Am Coll Cardiol Basic Trans Science. 2018;3(4):563–72.

IL ¼ interleukin; TNF ¼ tumor necrosis factor; vWF ¼ von Willebrand factor.

p53-mediated apoptosis. Radiation-induced apoptotic

outside the cell or within lysosomes that exists in

cell death can be mediated by p53 or by the

acidic, neutral, and alkaline isoforms. Irradiation

sphingomyelin ceramide pathway. Early stages of

activates TNF, which leads to hydrolysis of sphin-

p53-mediated apoptosis are reversible, but whether

gomyelin, thereby generating ceramide. Extracel-

activation of the sphingomyelin ceramide pathway

lular acidic sphingomyelinase is responsible for

is reversible is unclear. p53-Mediated apoptosis of

radiation-induced, ceramide-mediated EC apoptosis

ECs is mediated predominantly by the intrinsic

(23). Once ceramide is generated, it activates MAPK,

pathway. Radiation-induced DNA damage leads to

ERK, stress-activated protein kinase/ERK kinase 1

activation

telangiectasia-mutated

(SEKl), and c-Jun, which modify cell membrane dy-

(ATM) gene and DNA-dependent protein kinase,

namics and prompt a cascade of events culminating

which then phosphorylates p53 and triggers cell

in EC apoptosis (24). Radiation-induced ceramide

cycle arrest. Depending on the context of EC irra-

generation can occur independently of DNA damage,

diation, cells either repair the DNA damage or

as has been shown in bovine ECs devoid of nuclei.

initiate apoptotic cell death by the cytochrome c-

Ceramide acts as a second messenger by activating

mediated mitochondrial pathway (intrinsic), the

effector systems like Ras (25), RAC (26), phospholi-

tumor necrosis factor (TNF) death receptor pathway

pase A2 (27), protein kinase c (28), and ceramide-

(extrinsic), or the activation of the sphingomyelin

activated protein phosphatase. Activation of pro-

ceramide pathway (21).

tein kinase c by ceramide is known to cause

S p h i n g o m y e l i n c e r a m i d e p a t h w a y . Apoptosis in

apoptosis (29). One group found that human lym-

of

the

ataxia

ECs after high-dose single-fraction irradiation is

phoblasts deﬁcient in sphingomyelinase were deﬁ-

modulated primarily through the sphingomyelin

cient in radiation-induced apoptosis and that this

ceramide pathway (22). Sphingomyelin is a phos-

phenomenon could be reversed with sphingomyeli-

pholipid present in the outer leaﬂet of plasma

nase supplementation. Studies of pulmonary ECs

membranes; sphingomyelinase is an enzyme present

showed that ceramide-mediated apoptosis may also
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be responsible for acute radiation pneumonitis but

surface of intact endothelium, is a cofactor of

could be counteracted by basic ﬁbroblast growth

thrombin, converting it from a procoagulant to an

factor (30), similar to another study in which this

anticoagulant form. Oxidative damage and inﬂam-

growth

radiation-induced

matory mediators like TNF- a and IL-1 activated by

apoptosis in microvessel ECs from bovine adrenal

radiation can downregulate thrombomodulin, which

glands (31). Secretory sphingomyelinase has also

increases free thrombin and activates platelets to

been implicated in the formation of atherosclerotic

create a prothrombotic state. This process may

plaques; speciﬁcally, the interaction of secretory

mediate acute radiation-induced enteropathy (38)

sphingomyelinase with subendothelial aggregates of

and radiation-induced liver disease that manifests

low-density lipoprotein leads to the formation of

as hepatic sinusoidal occlusion secondary to endo-

macrophage-engulfed foam cells, which then leads

thelial injury (39). Similarly, plasminogen activator

factor

counteracted

to the development of atheroma (32,33). Whether the

inhibitor (PAI)-1 is a ﬁbrinolytic inhibitor activated by

radiation-induced apoptosis of ECs can mediate this

radiation, knocking out PAI-1 reduced radiation-

process is unclear. However, one might envision

induced EC death to 7% to 11% versus 35% to 37%

large numbers of apoptotic cells overwhelming the

in intact cells (40). The von Willebrand factor is an

renewal capability of the normal cell cycle machin-

acute-phase reactant constitutively expressed in

ery and accumulation of apoptotic cells mimicking

normal ECs that is increased by radiation, leading to a

the pathophysiology of chronic aging-related disor-

prothrombotic state. The increased expression of cell

ders. Figure 1 illustrates the dynamic interplay be-

adhesion molecules with macrophage attachment to

tween radiation-induced apoptosis and senescence

the endothelium characteristic of a prothrombotic

and its contribution to radiation-induced vascular

state can contribute to a chronic inﬂammatory state.

disease

Dysregulation of coagulation homeostasis can also

RADIATION EFFECTS ON CELL ADHESION
MOLECULES AND VASCULAR HOMEOSTASIS
CELL

ADHESION

MOLECULES. In

the

vascular

result in hemorrhage, as noted in accidental low-dose
whole-body irradiation exposures (39) and totalbody

irradiation

in

preparation

for

stem

cell

transplantation.

compartment, an optimal balance is maintained between pro- and anticoagulatory and pro- and anti-

RADIATION-INDUCED EFFECTS

inﬂammatory

ON ROS AND CYTOKINES

factors.

Any

insult,

including

radiation-induced EC dysfunction and activation,
affects the vascular milieu. Radiation increases the

REACTIVE

expression of selectins, integrins, and immunoglob-

endothelial injury resulting from radiation seems

ulin superfamily members like intercellular adhesion

similar to reperfusion injury in myocardial ischemia

molecule (ICAM)-1, vascular cell adhesion molecule

in terms of increased ROS, platelet, and leukocyte

(VCAM)-1, and platelet endothelial cell adhesion

activation; altered calcium homeostasis; and disor-

molecule-1 by the vascular endothelium (34). For

dered metabolism. Intracellular levels of oxidative

example, exposing dermal microvascular cells to 10

stress from rapid hydrolysis of water, resulting in

Gy led to increased expression of E-selectin and

the production of hydroxide, superoxide, and hy-

VCAM-1 (35). Radiation also increases the adhesive-

droxyl radicals, is modulated by xanthine oxidase

ness

through

and nicotinamide diphosphate, which are impli-

increased expression of CD44. Radiation-induced

cated in endothelial vascular injury (41,42). In one

expression of E-selectin in human EC lines is dose-

study, generation of free radicals in the mesenteric

and time-dependent, can occur after doses as low as

circulation was noted to be secondary to leukocyte

0.5 Gy, and can occur independent of cytokine

activation and adherence as determined by leuko-

activation (36). Exposure of buccal mucosal samples

cyte blockade with anti-CD18 antibodies (43). Other

to 60 Gy prompted an increase in expression of

studies showed that vasomotor responses mediated

ICAM-1 and E-selectin but not VCAM over baseline

by nitric oxide and prostacyclin were impaired after

levels (37). All of these adhesion molecules are

irradiation of human cervical arteries; this impaired

known mediators of acute and chronic inﬂammatory

response was thought to contribute to vessel ste-

reactions and promote macrophage recruitment to

nosis and impaired laminar blood ﬂow (44). Radia-

ECs.

tion

of

leukocytes

RADIATION-INDUCED

and

macrophages

COAGULOPATHY. Thrombo-

modulin, a membrane glycoprotein expressed on the

can

OXYGEN

impair

SPECIES. The

vasomotor

endothelium-dependent

ROS-induced

responses,

(acetylcholine

and

both
sub-

stance P) and endothelium-independent (calcitonin
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gene-related peptide). Finally, the reaction of nitric

CYTOKINES. Cytokines are important signaling fac-

oxide with ROS leads to the production of perox-

tors produced by ECs in response to irradiation that

ynitrite, which can cause nitrosylation of tyrosine

can mediate autocrine, paracrine, or endocrine

residues of proteins and impair protein function

bystander effects. Senescent and apoptotic cells also

(45).

secrete cytokines that can contribute to long-term

Thus,

radiation-induced

increases

in

ROS

affect both the vessel vasomotor response and the

vascular

structure of the endothelium. The cardiac myocytes

proﬁles reﬂect radiation type, dose and dose rate,

dysfunction.

Radiation-evoked

cytokine

have abundant plasma membrane phospholipids

irradiated volume, and irradiated organ. One group of

that are prone to lipid peroxidation, making them

investigators showed that rats exposed to 10 Gy of

vulnerable to oxidative stress (46,47). Experimental

whole-body irradiation had increased levels of IL-1,

studies in cardiac myocytes have demonstrated the

IL-6, and TNF- a mRNA at 3 and 6 h after irradiation

role of free radicals in precipitating impaired con-

(57). Irradiation of HUVECs in another study led to

tractile function, increased muscle tension at rest,

elevated levels of IL-6 and IL-8 (58). In addition to

and altered energy production heralding a disor-

inducing these cytokine changes, a study of mice

dered state (48). Similarly, radiation-induced NF- kB

receiving a single dose of 20-Gy cardiac irradiation

activation can induce an inﬂammatory state with

noted reduced contractile reserve and ejection frac-

increased expression of adhesion molecules and

tion on echocardiography and left ventricular cathe-

cytokines, akin to induction of ICAM, TNF- a , and

terization, whereas IL-1 receptor type 1 knock-out

NF-k B following oxidative stress (49,50). Reports

mice and IL-1 receptor antagonist (anakinra)-treated

have shown persistent expression of NF-k B in the

mice had preserved contractile reserve (59). Doses as

vessels of the neck even 10 years post-radiation,

low as 1 cGy can cause transient up-regulation of

suggesting a possible link between NF-kB and

several cytokine genes that could mediate the acute

chronic ﬁbrosis (51). In addition, the free radicals

inﬂammatory response to irradiation of the vascula-

produced by macrophages tend to stimulate TGF-b

ture (60). Late radiation-induced cytokine changes in

and accelerate the proﬁbrotic milieu in the vascu-

Hiroshima atomic bomb survivors included increases

lature. This may lead to vessel stenosis, leading to

in C-reactive protein and IL-6, possibly accounting for

increased risk of ischemic events in the long term.

the noncancer-related diseases in this population

A rational corollary to the recognition of the detri-

(61). Blood samples from survivors of the Chernobyl

mental effects of radiation-induced oxidative stress

disaster showed chromosomal aberrations (clasto-

is to consider blocking production or persistence of

genic) even decades after exposure. Radiation-

free

induced changes in cytokine genes could also

radicals.

This

is,

however,

not

entirely

straightforward because the relative contribution of

contribute to long-term systemic effects (62). Cyto-

multiple species of radicals is not sufﬁciently well

kines recruit macrophages to the endothelium and

characterized; the intervention with a selective

contribute to oxidative stress, which is responsible

pharmacologic inhibitor may need to occur with

for oxidation and deposition of low-density lipopro-

each fraction of radiation and relatively contempo-

teins, leading to atherosclerotic plaques. Plaques are

raneously with the radiation given the short half-

destabilized by inhibiting apoptosis in the extracel-

life of these radicals; and the potential for these

lular matrix and by promoting it in smooth muscle,

drugs to equally protect the tumor from radiation.

another possible mechanism for the accelerated

Nonetheless, the use of superoxide dismutase mi-

atherosclerosis noted in cancer survivors exposed to

metics with potent catalytic activity rivaling or

radiation. Countering the cytokine changes induced

surpassing that of the native enzyme has shown

by radiation as a strategy to mitigate radiation-

promise in multiple clinical scenarios (52) including

induced endothelial injury will require judicious

radiation-induced oral mucositis (53). Alternative

selecting of appropriate cytokine agonists/antago-

strategies could include efforts to abrogate down-

nists, careful synchronizing of the timing of cytokine

stream effectors of radiation-induced reactive oxy-

blockade with radiation therapy, and monitoring of

gen species such as NF-k B, again, a strategy that

the myriad downstream pathways and physiological

has been explored in radiation-induced normal tis-

changes induced by these cytokines. In an era of

sue toxicity reduction through inhibition of the in-

increasing use of immunotherapy with radiation

ﬂammatory response (54) and, paradoxically, in

therapy, it is likely that such approaches combining

tumor sensitization to radiation therapy through

radiation with cytokine therapy (63,64) will be

abrogation of the prosurvival signaling pathway in-

explored in the clinic, affording an opportunity to

duction (55,56).

monitor endothelial injury and its consequences.
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RADIATION EFFECTS ON

gradient of the mitochondrial membrane that lead to

ANGIOGENIC PATHWAYS

energy depletion, which can contribute to premature
aging and degenerative abnormalities that resemble

Angiogenesis is a physiological process by which new

mitochondrial oxidative disorders (72). Radiation

vessels form from pre-existing mesodermal pro-

further increases the expression of monocarboxylate

genitors. The radiosensitivity of ECs depends on the

transporter, leading to extrusion of lactate to the

organ site, with dermal microvascular ECs being the

exterior of the cell and activation of adenosine

most radiosensitive and liver sinusoidal ECs the most

monophosphate–activated protein kinase, leading to

radioresistant. Late effects of radiation such as radia-

cellular senescence. Metabolic perturbations such as

tion cystitis, radiation proctitis, and skin telangiecta-

these have been implicated in radiation-induced

sia are mediated through EC injury (65). In dermal ECs,

bystander effects (73).

irradiation with 4 Gy inhibited capillary tube forma-

In addition to directly and indirectly killing ECs,

tion, but the same dose promoted capillary tube for-

radiation also evokes an immune-mediated phe-

mation in liver ECs, which may contribute to late liver

nomenon involving recruitment of immune cells to a

ﬁbrosis. High-dose single-fraction radiation to the rat

particular site. Radiation-induced EC death induces

cerebral vasculature resulted in the formation of arte-

cytokines like TNF, which activate macrophages;

rial aneurysms, adhesion of leukocytes to vessels,

chemokines like CXCL6, which recruit immune cells;

formation of thrombi, and reduced blood ﬂow (66).

and signals that activate Toll-like receptors on den-

Irradiation of bovine and porcine aortic ECs led to

dritic cells, all of which contribute to a tumoricidal

increased expression of basic ﬁbroblast and platelet-

effect (74). Although exactly how such immune acti-

derived growth factors, both well-known promoters

vation causes vascular injury is inadequately under-

of angiogenesis (67). As little as 1 Gy of low linear

stood. It seems reasonable to assume that, like

energy transfer radiation increased the expression of

autoimmune disorders, vasculitis, immune perturba-

angiogenesis microRNAs and capillary formation in

tions by radiation can contribute to long-term

HUVECs in a dose-dependent manner (68). In another

vascular dysfunction. Figure 2 and the Central

study, irradiation of dermal microvascular ECs pro-

Illustration collectively portray the mechanisms that

moted the expression of connective tissue growth

contribute to radiation-induced vascular injury.

factor, collagen type III, PAI-1, and a -smooth muscle
actin in smooth muscle cells, leading to a proﬁbrogenic

CONCLUSIONS

phenotype (69). Such cross-talk could perturb the ﬁne
balance between pro- and anticoagulant pathways and

Endothelial injury is increasingly recognized as a

disrupt laminar blood ﬂow within vessels. Another

consequence of cancer treatment. Radiation directly

unexpected ﬁnding was the differences between ef-

affects the vasculature by causing EC apoptosis and

fects evoked by proton and those by photon irradia-

senescence and by changing aspects of normal

tion: low linear energy transfer photons cause tumor

vascular homeostasis. The altered milieu at the

angiogenesis, but low linear energy transfer protons

endothelial surface may contribute to a systemic

are antiangiogenic through the down-regulation of

chronic inﬂammatory state that, superimposed on

cytokines and signaling molecules such as vascular

the cascade of normal aging processes, leads to ac-

endothelial growth factor, IL-6, IL-8, and hypoxia-

celeration of age-related disorders such as athero-

inducible factor-1 a (70,71). Collectively, these obser-

sclerosis

vations implicate radiation-induced effects on ECs in

understanding of the mechanisms underlying these

both tumors and normal tissues in the modulation of

processes could provide insights for devising strate-

angiogenesis and neovascularization.

gies

RADIATION EFFECTS ON
METABOLIC PATHWAYS AND
IMMUNOLOGIC BYSTANDER EFFECTS

to

and

prevent

chronic

or

ﬁbrosis.

overcome

A

greater

radiation-induced

endothelial damage.
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