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Endothelial perturbations and therapeutic
strategies in normal tissue radiation damage
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Abstract

Most cancer patients are treated with radiotherapy, but the treatment can also damage the surrounding normal
tissue. Radiotherapy side-effects diminish patients? quality of life, yet effective biological interventions for normal
tissue damage are lacking. Protecting microvascular endothelial cells from the effects of irradiation is emerging as
a targeted damage-reduction strategy. We illustrate the concept of the microvasculature as a mediator of overall
normal tissue radiation toxicity through cell death, vascular inflammation (hemodynamic and molecular changes)
and a change in functional capacity. Endothelial cell targeted therapies that protect against such endothelial cell
perturbations and the development of acute normal tissue damage are mostly under preclinical development.
Since acute radiation toxicity is a common clinical problem in cutaneous, gastrointestinal and mucosal tissues,
we also focus on damage in these tissues.
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Introduction
Despite technology-driven improvements in cancer
radiotherapy (RT), normal tissue radiation toxicities re-
main a significant clinical concern [1]. They can influence
treatment outcomes, patient quality of life and survivor-
ship. For example, early skin toxicities which develop
within the first few weeks of RT commencement tend to
be transient. Nonetheless, approximately 30% of breast
cancer patients and 60% of head and neck cancer patients
treated with RT develop painful, infection-prone severe
epithelial barrier breakdown (desquamation) [2,3]. This
can complicate tissue reconstruction efforts [4] or necessi-
tate treatment interruptions, which have been found to
compromise tumour control or cure [5]. Furthermore, late
radiation toxicity occurs months to years following RT,
and can result in permanently debilitating organ dys-
function such as cardiovascular diseases (CVDs) [6].
The three categories of radiation protectors include

radioprotectants, radiomitigators and therapeutics. These
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are administered either before radiation exposure, after ra-
diation exposure but before damage manifestation, or after
damage manifestation, respectively. In the clinic, acute tox-
icities such as desquamation are managed non-specifically
with mitigative or therapeutic strategies. Medicated oint-
ments and dressings are in use with conflicting or minimal
evidence and they do not prevent the manifestation of the
problematic damage that impedes patient wellbeing [7].
On the other hand, directly minimizing the biological
determinants of the damage is an approach to preventing
these impediments. Amifostine is the only targeted radio-
protectant with enough clinical evidence to support its
use. However, it has practical limitations and a significant
toxicity profile [8]. Several biological mechanisms of
normal tissue radiation protection are well explored at the
preclinical level, but the endothelial cell (EC) compart-
ment is now also emerging as an attractive target for
radiation protection.
We argue that protecting microvascular endothelial

cells from radiation-induced perturbations, or disruptions
to the normal homeostatic or angiogenic state, ultimately
protects the normal tissue from radiation damage. These
perturbations include EC death, vascular inflammation
(hemodynamic and molecular changes) and loss of func-
tional capacity.
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Review
General mechanisms of radiation protection
General mechanisms of radiation protection include
the use of antioxidants, modulation of cell death, in-
flammation suppression and promotion of wound healing.
These have recently been thoroughly reviewed [9]. Never-
theless, notable examples of targeted agents under pre-
clinical and clinical investigation are discussed while
outlining the general process of ionizing radiation (IR)-
induced damage.
A direct radioprotectant reduces the amount of cellular

DNA damage so that a cell can remain healthy and func-
tional. The most well-studied radioprotectant, amifos-
tine, contains a free radical-scavenging sulfhydryl group
[10], competes with oxygen to reduce permanent DNA
damage fixation and increases expression of an en-
dogenous detoxifying enzyme manganese superoxide dis-
mutase [11], thereby reducing double stranded break
accumulation [12,13] and genomic instability [14]. Ini-
tially, amifostine was particularly promising for im-
proving the therapeutic ratio of cancer RT due to its
preferential accumulation in normal tissue rather than
cancerous tissue. Even still, concerns with toxic side-
effects and potential cancer recurrence discourage the
implementation of this class of radioprotectants during
cancer RT [15].
If the IR-induced DNA damage cannot be repaired, the

cell will proceed with clonogenic or reproductive death
that can include programmed cell death (apoptosis), mi-
totic catastrophe or senescence, leading to cellular hypo-
plasia and the observed symptoms of clinical radiotoxicity.
Pifithrin-α, an inhibitor of the p53-mediated apoptotic
pathway that is activated by DNA damage and geno-
toxic stress, reduces mortality of mice after total body
irradiation (TBI) [16]. There is concern that preventing
normal cells that harbor relevant DNA damage from
dying will increase the likelihood of their malignant
transformation.
After radiation exposure, the master regulator of inflam-

mation known as nuclear factor kappa-light-chain-enhancer
of activated B cells (the NF-ҡB complex) is released and
translocates to the nucleus to initiate the transcrip-
tional program of pro-survival factors and cytokines. The
mounting inflammatory damage may provoke unneces-
sary tissue injury severity above and beyond the initial
insult consisting of DNA damage and subsequent hypo-
plasia. Although the activity of NF-ҡB is generally de-
scribed as detrimental, surprisingly, there is support to the
contrary. For example, the bacterial flagellin protein de-
rivative CBLB502 that activates NF-ҡB signaling (by acti-
vating Toll-like receptor 5) can suppress IR-induced
apoptosis in the gastrointestinal (GI) tract [17]. More
recently, CBLB502 also prevented murine mucositis [18].
Strategies that permit inflammation but modulate a
certain aspect of the process may be a more promising av-
enue for this class of radiation protectants.
With enough IR-induced epithelial progenitor cell apop-

tosis, tissue barrier function fails resulting in desquam-
ation/ulceration and exacerbation of inflammation. Tissue
repopulation by the stimulation of progenitor cell prolifer-
ation or bone marrow (BM) cell recruitment are ap-
proaches to reduce barrier function disruption and to
promote wound healing. Palifermin, a human recombinant
keratinocyte growth factor that stimulates salivary gland
stem cell proliferation, reduced the number of treatment
interruptions overall and the duration and incidence of
mucositis among hyperfractionated patients [19]. Granulo-
cyte colony stimulating factor (G-CSF, which stimulates
neutrophil-trafficking from the BM) is already commer-
cially used to treat neutropenia during chemotherapy.
G-CSF treatment reduced skin radiation damage severity
in mice [20] and hastened moist desquamation healing
in cancer patients treated with RT [21]. Additionally,
the profibrogenic cytokine transforming growth factor-β
(TGF-β) [22] is generally considered to be detrimental to
radiation wound healing speed, subsequent tissue remod-
eling and late toxicity risk. Indeed, knockdown of its
downstream mediator Smad3 accelerated healing of radi-
ation wounds [23]. Additionally, haploinsufficiency of the
TGF-β co-receptor endoglin was protective against late
kidney fibrosis after radiation challenge [24] but not for
myocardial fitness [25].

Microvasculature as a mediator of radiation damage
The vasculature consists of large, medium and small-
diameter vessels, the latter of which is the microvascula-
ture. The microvascular arterioles, capillaries and venules
all serve to deliver nutrients and oxygen and remove
metabolic wastes from the parenchymal cells they supply.
These are lined by a single inner layer of ECs supported
by pericytes or smooth muscle cells. EC dysfunction is
already believed to be a critical contributor of late radi-
ation tissue damage in certain tissues. For example, radi-
ation damage to the skin or mucosal vasculature can lead
to telangiectasia, which is a pruned vascular network of
fragile, enlarged vessels prone to bleeding and with limited
functional capacity (reviewed in reference [26]). Radiation
damage to large vessels also predisposes patients to CVDs,
a subject which was recently reviewed (see reference [27]),
but also briefly addressed within this work. Yet there is in-
creasing evidence that microvascular events also contrib-
ute to acute damage development. In fact, more recent
studies suggest that protecting ECs against such perturba-
tions using genetic or pharmacologic strategies protects
GI, mucosal, cardiac and skin tissues from radiation dam-
age. Unfortunately, many informative EC radiation protec-
tion studies have utilized TBI, which limits their clinical
relevance.
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EC loss following irradiation
Mechanisms of EC loss In vivo, capillaries begin to dis-
sipate as early as 1 day after low or high-dose irradiation,
may rupture and are lost more readily than the larger ar-
terioles and venules [28,29]. A wave of microvascular EC
apoptosis has been reported to begin 1 to 24 hours follow-
ing IR exposure in vitro [30] and in vivo in the lung [31],
central nervous system [32], GI tract [33], parotid glands
[34] and myocardium [35]. Starting around 30 days, small
vessel density decreases [26].
It is known that ECs are vulnerable to acid sphingo-

myelinase (ASMase)-mediated cell death [36]. Stress can
induce an early pro-apoptotic signal through ASMase-
mediated ceramide platform formation on their outer
membranes [37]. This signal may influence tissue progeni-
tor cell death, as demonstrated by Lu and colleagues [38].
They found that normal neural progenitor cells trans-
planted into ASMase-deficient mice did not undergo their
expected apoptosis when irradiated in their new environ-
ment. Irradiated ECs are also susceptible to mitochondrial
Bak/Bax-mediated cell death, which are activated by p53
activity [39].

Protecting ECs from apoptosis protects normal
irradiated tissue Strategies to protect ECs from apop-
tosis have been associated with improvements in preclin-
ical radiation toxicity model outcomes. For example, early
radiation-induced apoptosis of ECs is inhibited by basic
fibroblast growth factor (bFGF) in vitro [40] and in vivo
[41]. The effect has been associated with improved sur-
vival of mice with radiation pneumonitis [31]. In a land-
mark study of radiation-induced GI toxicity, Paris et al.
demonstrated that bFGF treatment and ASMase defi-
ciency both decreased EC apoptosis and improved survival
from GI syndrome following TBI [33]. This effect was also
observed with an EC-protecting Angiopoietin-1-based
construct, which promotes EC viability and stability [42].
Schuller and colleagues challenged the view that the early
EC apoptosis initiates radiation-induced GI syndrome
with the finding that selective in vivo irradiation of ECs
did not evoke an apoptotic response in ECs that could ini-
tiate GI failure, but did in epithelial cells [43]. More re-
cently, a ceramide platform formation-blocking antibody
and EC plasminogen activator I-1 deficiency (a p53 target
gene product that normally prevents insoluble fibrin
breakdown) both prevented EC death and delayed lethality
due to radioenterogastritis in mice [44,45], again support-
ing the idea that EC death is a critical aspect of radiation
injury. Lastly, although dominated by GI models of radio-
toxicity, this radioprotection strategy extends to other sys-
tems. Mice lacking Bak and Bax only in ECs experienced
faster hematopoietic stem cell recovery after 3 Gy TBI
[46]. Additionally, mice treated with an EC-protecting
anti-CD47 (a thrombospondin-1 receptor that normally
promotes vascular perturbations) morpholino experienced
less skin damage from a 25 Gy dose of IR [47].
Although genetic knockout of p53 downstream com-

ponents decreases EC apoptosis and protects the tissue,
direct p53 knockouts have yielded surprising findings. After
12 Gy irradiation of the heart, mice that lacked p53 in ECs
displayed increased EC death and decreased microvascular
density 4 weeks post IR, succumbing to heart failure
around 8 weeks unlike their p53-wild-type counterparts
[35]. Additionally, these mice die off rapidly a month after
TBI from late GI syndrome [48]. This suggests that an EC
p53 deficit is detrimental to irradiated EC survival and
exacerbates late reactions. However, the difference in ra-
dioprotective effects between p53 and downstream target
knockouts remains to be explained.

Vascular inflammatory responses induced by irradiation
Hemodynamic changes The inflammatory response of
the vasculature to IR has been described over the past
50 years largely by focusing on parameters such as vessel
diameter and blood flow. Within hours after radiation ex-
posure, the vasculature becomes leaky [49], although the
degree to which ECs of various vessel types become perme-
able varies in vitro [50]. Investigation of early time points
following rodent skin radiation exposure have yielded a
bi-phasic response in vascular perfusion parameters as
measured by hyperspectral imaging [51] and isotopic la-
beling of red blood cells and microspheres [52]. This mir-
rors the early transient erythema and a secondary delayed
erythema observed in the clinic [53,54]. The opposite has
also been reported: blood flow measured by laser Doppler
in irradiated hamster parotid gland and mouse skin de-
creased from baseline up to 2 or 3 weeks [34,55]. Irradi-
ation of hamster cheek pouch muscle also caused
microvascular red blood cell velocity to decrease as deter-
mined by intravital microscopy [56]. These incongruent
findings may arise from the different tissues, IR doses and
imaging time points under study. Furthermore, different
imaging techniques are amenable to assessing diverse sub-
sets of blood vessels owing to subjective definitions or dis-
parate technique sensitivities. Although these findings
highlight the notion that the vasculature changes func-
tionally in response to IR, measuring perfusion or blood
flow alone may not be a robust measure of IR-induced
hemodynamic changes. In fact, a thorough investigation
of numerous parameters may be required to understand
the overall changing microvascular landscape, as argued
by Archambeau et al. [26]. Observing functional vascular
hemodynamic changes using imaging modalities following
irradiation could be useful to detect differences between
control and EC-protecting agents.
Unlike the variability in reports on the effect of radiation

on perfusion and blood flow, reports monitoring oxygen-
ated hemoglobin (oxyHb) through diffuse reflectance
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spectroscopy, although fewer, are in better agreement.
OxyHb is a measure of inflammation and correlates with
topical irritant dose [57] and erythema severity [58]. Chin
et al. [51] and others [59,60] have found that oxyHb in-
creases in irradiated rodent skin. Similar measurements
have been reported as useful indicators of radiodermatitis
in clinical studies [61,62]. We reported that Vasculotide
reduced the severity of IR-induced radiodermatitis in
mice, and this was accompanied by lower oxyHb measure-
ments than in irradiated controls [63]. The agreement in
the literature on the irradiation-induced rise in oxyHb
may result from quantification from all vessel sizes in
the area (rather than a subset). Additionally, it indicates
inflammation, which is a pronounced effect of IR, and
might not be influenced as strongly by variable degrees of
vessel loss. Therefore, oxyHb quantification may be a reli-
able method of measuring inflammation as a measure of
hemodynamic changes.

EC inflammatory activation Although inflammation is
orchestrated by several cell types, the vascular EC lining is
a key modulator of the response (reviewed in reference
[64]). Classical inflammation begins with the secretion of
tumour necrosis factor α (TNF-α) and IL-1 by damaged
cells or immune cells. These cytokines cause NF-ҡB to be
released and initiate a pro-inflammatory transcriptional
program in ECs, which then secrete chemoattractants and
express adhesion molecules. Neutrophils bind the adhesion
molecules and undergo transendothelial diapedesis into
injured tissue, where they can undergo respiratory burst
and contribute to the progression of the inflammatory re-
sponse in complex ways, as also recently reviewed [65]. Nu-
merous studies have been conducted detailing EC cytokine
production and cytokine effects on EC responses. Recently,
Halle and colleagues showed for the first time that NF-ҡB
is up-regulated in irradiated arteries of patients treated
with RT months or years before [66]. The prolongation
of inflammation may create a milieu conducive to the
development of chronic IR-induced pathologies such as
fibrosis and atherosclerosis.

Dampening EC inflammatory activation protects normal
irradiated tissue Reduced pro-inflammatory cytokine,
chemokine, and EC adhesion molecule levels are usually
associated with better radiotoxicity outcomes. Genetic
knockout studies have revealed the importance of a few
key players in radiation damage presentation.

i) Cytokine players
IL-1 is produced immediately following tissue irradiation
[67]. It is made in two forms, IL-1α and β, mainly by kerati-
nocytes in irradiated skin, but also by ECs (among other
cells). They stimulate EC adhesion molecule presentation.
Combinational IL-1α and IL-1β knockout mice demon-
strated subdued radiodermatitis compared to either single
cytokine knockout alone [68].
IL-6 is a pleiotropic cytokine with both pro- and anti-

inflammatory effects [69]. It is an important acute in-
flammatory phase mediator (e.g. causing fever) but un-
controlled overproduction may also contribute to
inflammatory diseases [70]. ECs (among other cells) se-
crete IL-6 through NF-ҡB activation following irradi-
ation [71] and following IL-1 and TNF-α stimulation.
One of its direct effects on ECs is the induction of inter-
cellular adhesion molecule 1 (ICAM-1) expression
[72]. IL-6 may also enhance hematopoietic cell recovery
following TBI [73] especially in combination with G-CSF
[74]. The potent anti-inflammatory effects of pravastatin
were also observed on ECs in vitro through reduced IL-6
and IL-8/CXCL8 levels [75].
Human IL-8/CXCL8 is a chemoattractant for neutrophil

chemotaxis. Its murine homologues are KC/CXCL1, MIP-2/
CXCL2 and LIX/CXCL5, which vary temporally, spatially
and in intensity when released in response to insults [76].
Human umbilical vein ECs (HUVECs) irradiated in vitro se-
crete IL-8/CXCL8 [77]. As expected, antagonizing MIP-2/
CXCL2 cognate receptors CXCR1/CXCR2 improved sur-
vival in a mouse model of radiation-induced alveolitis
[78].
TNF-α is a potent pro-inflammatory cytokine that in-

duces EC permeability [79]. It is expressed immediately
and cyclically after IR. TNF-α knockout mice experi-
enced less severe radiation pneumonitis than wild-type
mice [80].
Among the most commonly studied targets in radio-

pathology is TGF-β due to its involvement in chronic in-
flammation, fibrosis and late toxicities. Indeed, a small
molecule TGF-β inhibitor mitigated 20 Gy-induced mouse
lung fibrosis [81] and knockout of its canonical down-
stream mediator Smad3 attenuated capsular contracture of
a prosthetic breast implant mouse model [82]. Secreted by
various cells including fibroblasts and ECs, TGF-β is also a
chemoattractant for a list of immune cells, and Smad3
knockdown reduced IR-induced skin inflammation [83].
Antagonizing the canonical TGF-β signaling pathway with
Smad7 overexpression conferred striking early radiation
protection of mouse oral mucosa [84].

ii) Adhesion molecule presentation
Many of these aforementioned cytokines induce EC expres-
sion of adhesion molecules such as ICAM-1, vascular cell ad-
hesion molecule-1 (VCAM-1), E-selectin and P-selectin.
Hallahan and Virudachalam demonstrated the importance of
IR-induced microvascular EC ICAM-1 expression by showing
that an ICAM-1 antibody treatment and ICAM-1 knockout
rendered mice resistant to radiation pneumonitis [85]. Simi-
larly, Holler et al. reported that pravastatin treatment miti-
gated 40 Gy acute skin radiation damage severity through
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diminished EC activation (ICAM-1 expression, etc.) and
less neutrophil recruitment [86]. These results dem-
onstrate that suppressing aspects of the inflammatory
response to radiation, especially in regard to EC
activation, can attenuate damage to normal tissues.

iii) Neutrophil presence
ECs are central to controlling inflammatory reactions at least
partially through their gatekeeper function for neutrophil re-
cruitment [65]. Activated ECs enable neutrophils to attach
and undergo transendothelial migration into the tissue. The
neutrophil respiratory burst releases myeloperoxidase, which
produces ROS, and is normally important for pathogen
clearance. The role of neutrophils in health and disease is
growing in complexity [87], yet, neutrophil recruitment is
generally considered to be detrimental in diseased tissue not
under microbial attack. The association between decreased
neutrophil counts (weeks after IR exposure) and better tissue
outcomes is also the prevailing observation in skin radiation
studies [23,68,83,84,86,88]. Mast cell presence, which is usu-
ally important in allergic reactions, is also lower in tissues
with less severe radiation damage [89,90]. Interestingly,
there are also reports associating extremely height-
ened but short-lived neutrophil recruitment with better
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Deterioration of EC function after irradiation
Induction of senescence Various reports demonstrate that
irradiation induces premature endothelial cell cycle arrest, or
senescence [91,92]. The EC senescent phenotype consists of
inflammatory activation, loss of proliferative capacity and
other dysfunctional characteristics [93]. IR-induced senes-
cence has also been associated with diminished pro-survival
phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) path-
way signaling in HUVECs [92] and in ECs harvested from a
range of human organs [94]. This IR-induced EC senescence
and loss of function may contribute to the development of
complications in populations treated with RT.

Preventing EC dysfunction protects normal irradiated
tissue Despite the requirement for slow EC turnover
rates in normal tissue, irradiated ECs may fail to main-
tain an adequate EC population number by prolifera-
tion. For example, 25 Gy rat cranial irradiation lead to a
gradual loss in EC density, followed by a proliferative burst
after six months, but EC numbers fell drastically soon
after giving way to necrosis [95].
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a target for radiation protection. Tissues that are exposed to a high
setting, IR induces EC loss through apoptosis and other mechanisms.
activated, expressing cell surface adhesion molecules and enabling
il presence may be important for their effect on tissue damage.
esponses. There is no clear consensus in the literature on the kind of
lost over time. IR exposure also induces senescence which reduces EC
phenotype. However, treating the tissue with a radioprotectant,
ge development can result in reduced normal tissue damage.
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Wounds in irradiated tissues take longer to heal than in
non-irradiated tissues [96]. During the proliferative phase
of acute wound healing, the damaged tissue is replaced by
granulation tissue (rich in microvasculature and fibro-
blasts) and supplies all the cells involved in wound repair
with oxygen and nutrients [97]. This suggests that irradi-
ated vasculature may respond inadequately as it generates
granulation tissue for wound healing. Evidence for this
arises from in vitro experiments where irradiated HUVECs
form fewer tubules in angiogenic assays [98,99] and have
diminished proliferation and migration rates compared
to non-irradiated controls [99]. Furthermore, the vascular
beds of mouse skin exhibited reduced VEGF-induced
angiogenesis after exposure to 25 Gy IR [99]. This
dysfunction in angiogenesis could be rescued by treating
with a small molecule inhibitor of the TGF-β receptor.
Patients treated with RT for breast cancer, Hodgkin ? s

lymphoma or childhood cancers are at increased risk to
develop CVDs [100]. Aleman and colleagues observed a
three to five-fold higher incidence of CVDs in patients
treated previously for Hodgkin ? s lymphoma and followed
for a median of 18 years [6]. The IR-induced senescent
state of ECs lining large vessels in irradiated fields may
be one of the underlying conditions promoting CVD
development. Indeed, the link between EC senescence
and atherosclerosis has been established [101]. More-
over, preclinically, cardiac irradiation in the context of
high cholesterol levels causes EC dysfunction and acceler-
ates coronary atherosclerosis [102] which may lead to a
myocardial infarct. Mouse models of radiation-induced
cardiotoxicity show that although much of EC function is
disrupted by IR, cardiac function is only modestly affected,
suggesting a compensatory mechanism [25,102,103]. Lastly,
irradiation (and senescence) reduces the endothelial
response to vasodilating stimuli [104]. Interestingly, blood
vessels in irradiated mouse hind limbs treated with an anti-
CD47 morpholino retain this important function [47].

Conclusions
The microvasculature is emerging as a biologically target-
able compartment in the field of normal tissue radiation
protection during RT. On the whole, preclinical radiation
damage models support the notion that EC perturbations
following irradiation contribute to the developing acute
injury. The concept of the microvasculature as a mediator
of acute radiation damage is illustrated in Figure 1. Con-
flicting findings may be attributed to the unique limitations
of experimental methodologies or differing contexts of
microvascular ECs in distinct organs. Indeed, it is known
that ECs are diverse in their molecular responses and char-
acteristics [105,106]. Additionally, it is conceivable that the
tumor microenvironment could influence the response of
normal tissue vasculature to irradiation [9,107], and thus
future studies should account for this possibility.
Preclinically, some of these IR-induced perturbations
can be countered; such therapeutics may translate into
clinically beneficial treatments. EC-protecting agents may
be most relevant for patients with pre-existing micro-
vascular dysfunction (e.g. diabetes, obesity) and increased
risk of radiotoxicity [108,109]. As all radiation protection
strategies may not be suitable for all cancer RT regimens,
the EC compartment may serve as an additional or
alternative radiotherapeutic target to reduce the burden of
acute normal tissue toxicity in cancer patients.

Abbreviations
ASMase: Acid sphingomyelinase; bFGF: Fibroblast growth factor; BM: Bone
marrow; CVD: Cardiovascular disease; EC: Endothelial cell; GI: Gastrointestinal;
G-CSF: Granulocyte colony stimulating factor; HUVEC: Human umbilical vein EC;
ICAM-1: Intercellular adhesion molecule 1; IR: Ionizing radiation; NF-ҡB: Nuclear
factor kappa-light-chain-enhancer of activated B cells; oxyHb: Oxygenated
haemoglobin; PI3K: Phosphatidylinositol-4,5-bisphosphate 3-kinase;
RT: Radiation therapy; TBI: Total body irradiation; TGF-β: Transforming growth
factor- β; TNF-α: Tumour necrosis factor α; VCAM-1: Vascular cell adhesion
molecule 1.

Competing interests
The authors declare that they have no competing interests.

Authors ? contributions
EK wrote the manuscript and SKL conceived of overall outline and provided
critical editing. Both authors read and approved the final manuscript.

Author details
1Biological Sciences, Sunnybrook Research Institute and Odette Cancer
Centre, Sunnybrook Health Sciences Centre, 2075 Bayview Ave., Toronto
M4N 3M5, Canada. 2Department of Medical Biophysics, University of Toronto,
101 College St., Toronto M5G 1L7, Canada. 3Department of Radiation
Oncology, University of Toronto, 149 College St., Toronto M5T 1P5, Canada.

Received: 14 August 2014 Accepted: 18 November 2014

References
1. Liauw SL, Connell PP, Weichselbaum RR: New paradigms and future

challenges in radiation oncology: an update of biological targets and
technology. Sci Transl Med 2013, 5:173sr172.

2. Pignol JP, Olivotto I, Rakovitch E, Gardner S, Sixel K, Beckham W, Vu TT,
Truong P, Ackerman I, Paszat L: A multicenter randomized trial of breast
intensity-modulated radiation therapy to reduce acute radiation dermatitis.
J Clin Oncol 2008, 26:2085 ? 2092.

3. Gupta T, Agarwal J, Jain S, Phurailatpam R, Kannan S, Ghosh-Laskar S,
Murthy V, Budrukkar A, Dinshaw K, Prabhash K, Chaturvedi P, D ?Cruz A:
Three-dimensional conformal radiotherapy (3D-CRT) versus intensity
modulated radiation therapy (IMRT) in squamous cell carcinoma of the
head and neck: a randomized controlled trial. Radiother Oncol 2012,
104:343? 348.

4. Kronowitz SJ: Current status of implant-based breast reconstruction in
patients receiving postmastectomy radiation therapy. Plast Reconstr Surg
2012, 130:513e ? 523e.

5. Bese NS, Hendry J, Jeremic B: Effects of prolongation of overall treatment
time due to unplanned interruptions during radiotherapy of different
tumor sites and practical methods for compensation. Int J Radiat Oncol
Biol Phys 2007, 68:654 ? 661.

6. Aleman BM, van den Belt-Dusebout AW, De Bruin ML, Van ? t Veer MB,
Baaijens MH, de Boer JP, Hart AA, Klokman WJ, Kuenen MA, Ouwens GM,
Bartelink H, van Leeuwen FE: Late cardiotoxicity after treatment for Hodgkin
lymphoma. Blood 2007, 109:1878? 1886.

7. Chan RJ, Webster J, Chung B, Marquart L, Ahmed M, Garantziotis S:
Prevention and treatment of acute radiation-induced skin reactions:
a systematic review and meta-analysis of randomized controlled trials.
BMC Cancer 2014, 14:53.



Korpela and Liu Radiation Oncology 2014, 9:266 Page 7 of 9
http://www.ro-journal.com/content/9/1/266
8. Bardet E, Martin L, Calais G, Alfonsi M, Feham NE, Tuchais C, Boisselier P,
Dessard-Diana B, Seng SH, Garaud P, Auperin A, Bourhis J: Subcutaneous
compared with intravenous administration of amifostine in patients with
head and neck cancer receiving radiotherapy: final results of the
GORTEC2000-02 phase III randomized trial. J Clin Oncol 2011, 29:127 ? 133.

9. Moding EJ, Kastan MB, Kirsch DG: Strategies for optimizing the response
of cancer and normal tissues to radiation. Nat Rev Drug Discov 2013,
12:526? 542.

10. Savoye C, Swenberg C, Hugot S, Sy D, Sabattier R, Charlier M, Spotheim-Maurizot M:
Thiol WR-1065 and disulphide WR-33278, two metabolites of the drug
ethyol (WR-2721), protect DNA against fast neutron-induced strand
breakage. Int J Radiat Biol 1997, 71:193? 202.

11. Murley JS, Kataoka Y, Baker KL, Diamond AM, Morgan WF, Grdina DJ:
Manganese superoxide dismutase (SOD2)-mediated delayed
radioprotection induced by the free thiol form of amifostine and
tumor necrosis factor alpha. Radiat Res 2007, 167:465 ? 474.

12. Rubin DB, Drab EA, Kang HJ, Baumann FE, Blazek ER: WR-1065 and
radioprotection of vascular endothelial cells. I. cell proliferation, DNA
synthesis and damage. Radiat Res 1996, 145:210? 216.

13. Sigdestad CP, Treacy SH, Knapp LA, Grdina DJ: The effect of 2-[(aminopropyl)
amino] ethanethiol (WR-1065) on radiation induced DNA double strand
damage and repair in V79 cells. Br J Cancer 1987, 55:477? 482.

14. Dziegielewski J, Baulch JE, Goetz W, Coleman MC, Spitz DR, Murley JS,
Grdina DJ, Morgan WF: WR-1065, the active metabolite of amifostine,
mitigates radiation-induced delayed genomic instability. Free Radic Biol
Med 2008, 45:1674 ? 1681.

15. Lawenda BD, Kelly KM, Ladas EJ, Sagar SM, Vickers A, Blumberg JB: Should
supplemental antioxidant administration be avoided during chemotherapy
and radiation therapy? J Natl Cancer Inst 2008, 100:773? 783.

16. Komarov PG, Komarova EA, Kondratov RV, Christov-Tselkov K, Coon JS,
Chernov MV, Gudkov AV: A chemical inhibitor of p53 that protects mice
from the side effects of cancer therapy. Science 1999, 285:1733? 1737.

17. Burdelya LG, Krivokrysenko VI, Tallant TC, Strom E, Gleiberman AS, Gupta D,
Kurnasov OV, Fort FL, Osterman AL, Didonato JA, Feinstein E, Gudkov AV:
An agonist of toll-like receptor 5 has radioprotective activity in mouse
and primate models. Science 2008, 320:226 ? 230.

18. Burdelya LG, Gleiberman AS, Toshkov I, Aygun-Sunar S, Bapardekar M,
Manderscheid-Kern P, Bellnier D, Krivokrysenko VI, Feinstein E, Gudkov AV:
Toll-like receptor 5 agonist protects mice from dermatitis and oral
mucositis caused by local radiation: implications for head-and-neck
cancer radiotherapy. Int J Radiat Oncol Biol Phys 2012, 83:228 ? 234.

19. Brizel DM, Murphy BA, Rosenthal DI, Pandya KJ, Gluck S, Brizel HE, Meredith RF,
Berger D, Chen MG, Mendenhall W: Phase II study of palifermin and
concurrent chemoradiation in head and neck squamous cell carcinoma.
J Clin Oncol 2008, 26:2489 ? 2496.

20. Flanders KC, Ho BM, Arany PR, Stuelten C, Mamura M, Paterniti MO,
Sowers A, Mitchell JB, Roberts AB: Absence of Smad3 induces neutrophil
migration after cutaneous irradiation: possible contribution to
subsequent radioprotection. Am J Pathol 2008, 173:68 ? 76.

21. Viswanath L, Bindhu J, Krishnamurthy B, Suresh KP: Granulocyte-Colony
Stimulating Factor (G-CSF) accelerates healing of radiation induced
moist desquamation of the skin. Klin Onkol 2012, 25:199 ? 205.

22. Roberts AB, Sporn MB, Assoian RK, Smith JM, Roche NS, Wakefield LM,
Heine UI, Liotta LA, Falanga V, Kehrl JH, Fauci AS: Transforming growth
factor type beta: rapid induction of fibrosis and angiogenesis in vivo
and stimulation of collagen formation in vitro. Proc Natl Acad Sci U S A
1986, 83:4167 ? 4171.

23. Flanders KC, Major CD, Arabshahi A, Aburime EE, Okada MH, Fujii M, Blalock
TD, Schultz GS, Sowers A, Anzano MA, Mitchell JB, Russo A, Roberts AB:
Interference with transforming growth factor-beta/ Smad3 signaling
results in accelerated healing of wounds in previously irradiated skin.
Am J Pathol 2003, 163:2247 ? 2257.

24. Scharpfenecker M, Floot B, Russell NS, Coppes RP, Stewart FA:
Endoglin haploinsufficiency attenuates radiation-induced deterioration
of kidney function in mice. Radiother Oncol 2013, 108:464 ? 468.

25. Seemann I, Te Poele JA, Luikinga SJ, Hoving S, Stewart FA:
Endoglin haplo-insufficiency modifies the inflammatory response
in irradiated mouse hearts without affecting structural and
mircovascular changes. PLoS One 2013, 8:e68922.

26. Archambeau JO, Pezner R, Wasserman T: Pathophysiology of irradiated
skin and breast. Int J Radiat Oncol Biol Phys 1995, 31:1171 ? 1185.
27. Stewart FA, Seemann I, Hoving S, Russell NS: Understanding radiation-induced
cardiovascular damage and strategies for intervention. Clin Oncol
(R Coll Radiol) 2013, 25:617? 624.

28. Dimitrievich GS, Fischer-Dzoga K, Griem ML: Radiosensitivity of vascular
tissue. I. differential radiosensitivity of capillaries: a quantitative in vivo
study. Radiat Res 1984, 99:511? 535.

29. Sabatasso S, Laissue JA, Hlushchuk R, Graber W, Bravin A, Brauer-Krisch E,
Corde S, Blattmann H, Gruber G, Djonov V: Microbeam radiation-induced
tissue damage depends on the stage of vascular maturation. Int J Radiat
Oncol Biol Phys 2011, 80:1522? 1532.

30. Langley RE, Bump EA, Quartuccio SG, Medeiros D, Braunhut SJ: Radiation-induced
apoptosis in microvascular endothelial cells. Br J Cancer 1997, 75:666? 672.

31. Fuks Z, Persaud RS, Alfieri A, McLoughlin M, Ehleiter D, Schwartz JL,
Seddon AP, Cordon-Cardo C, Haimovitz-Friedman A: Basic fibroblast
growth factor protects endothelial cells against radiation-induced
programmed cell death in vitro and in vivo. Cancer Res 1994,
54:2582 ? 2590.

32. Burrell K, Hill RP, Zadeh G: High-resolution in-vivo analysis of normal brain
response to cranial irradiation. PLoS One 2012, 7:e38366.

33. Paris F, Fuks Z, Kang A, Capodieci P, Juan G, Ehleiter D, Haimovitz-Friedman A,
Cordon-Cardo C, Kolesnick R: Endothelial apoptosis as the primary
lesion initiating intestinal radiation damage in mice. Science 2001,
293:293 ? 297.

34. Xu J, Yan X, Gao R, Mao L, Cotrim AP, Zheng C, Zhang C, Baum BJ, Wang S:
Effect of irradiation on microvascular endothelial cells of parotid glands
in the miniature pig. Int J Radiat Oncol Biol Phys 2010, 78:897 ? 903.

35. Lee CL, Moding EJ, Cuneo KC, Li Y, Sullivan JM, Mao L, Washington I,
Jeffords LB, Rodrigues RC, Ma Y, Das S, Kontos CD, Kim Y, Rockman HA,
Kirsch DG: p53 functions in endothelial cells to prevent radiation-induced
myocardial injury in mice. Sci Signal 2012, 5:ra52.

36. Santana P, Pena LA, Haimovitz-Friedman A, Martin S, Green D, McLoughlin
M, Cordon-Cardo C, Schuchman EH, Fuks Z, Kolesnick R: Acid
sphingomyelinase-deficient human lymphoblasts and mice are defective
in radiation-induced apoptosis. Cell 1996, 86:189? 199.

37. Marathe S, Schissel SL, Yellin MJ, Beatini N, Mintzer R, Williams KJ, Tabas I:
Human vascular endothelial cells are a rich and regulatable source
of secretory sphingomyelinase. Implications for early atherogenesis
and ceramide-mediated cell signaling. J Biol Chem 1998, 273:4081? 4088.

38. Lu F, Li YQ, Aubert I, Wong CS: Endothelial cells regulate p53-dependent
apoptosis of neural progenitors after irradiation. Cell Death Dis 2012,
3:e324.

39. Rotolo JA, Maj JG, Feldman R, Ren D, Haimovitz-Friedman A, Cordon-Cardo C,
Cheng EH, Kolesnick R, Fuks Z: Bax and Bak do not exhibit functional
redundancy in mediating radiation-induced endothelial apoptosis in
the intestinal mucosa. Int J Radiat Oncol Biol Phys 2008, 70:804 ? 815.

40. Haimovitz-Friedman A, Vlodavsky I, Chaudhuri A, Witte L, Fuks Z: Autocrine
effects of fibroblast growth factor in repair of radiation damage in
endothelial cells. Cancer Res 1991, 51:2552 ? 2558.

41. Pena LA, Fuks Z, Kolesnick RN: Radiation-induced apoptosis of endothelial
cells in the murine central nervous system: protection by fibroblast
growth factor and sphingomyelinase deficiency. Cancer Res 2000,
60:321? 327.

42. Cho CH, Kammerer RA, Lee HJ, Yasunaga K, Kim KT, Choi HH, Kim W, Kim SH,
Park SK, Lee GM, Koh GY: Designed angiopoietin-1 variant, COMP-Ang1,
protects against radiation-induced endothelial cell apoptosis. Proc Natl Acad
Sci U S A 2004, 101:5553? 5558.

43. Schuller BW, Rogers AB, Cormier KS, Riley KJ, Binns PJ, Julius R, Hawthorne MF,
Coderre JA: No significant endothelial apoptosis in the radiation-induced
gastrointestinal syndrome. Int J Radiat Oncol Biol Phys 2007, 68:205? 210.

44. Rotolo J, Stancevic B, Zhang J, Hua G, Fuller J, Yin X, Haimovitz-Friedman A,
Kim K, Qian M, Cardo-Vila M, Fuks Z, Pasqualini R, Arap W, Kolesnick R:
Anti-ceramide antibody prevents the radiation gastrointestinal syndrome
in mice. J Clin Invest 2012, 122:1786 ? 1790.

45. Abderrahmani R, Francois A, Buard V, Tarlet G, Blirando K, Hneino M,
Vaurijoux A, Benderitter M, Sabourin JC, Milliat F: PAI-1-dependent
endothelial cell death determines severity of radiation-induced
intestinal injury. PLoS One 2012, 7:e35740.

46. Doan PL, Russell JL, Himburg HA, Helms K, Harris JR, Lucas J, Holshausen KC,
Meadows SK, Daher P, Jeffords LB, Chao NJ, Kirsch DG, Chute JP:
Tie2(+) bone marrow endothelial cells regulate hematopoietic stem
cell regeneration following radiation injury. Stem Cells 2013, 31:327 ? 337.



Korpela and Liu Radiation Oncology 2014, 9:266 Page 8 of 9
http://www.ro-journal.com/content/9/1/266
47. Maxhimer JB, Soto-Pantoja DR, Ridnour LA, Shih HB, Degraff WG, Tsokos M,
Wink DA, Isenberg JS, Roberts DD: Radioprotection in normal tissue and
delayed tumor growth by blockade of CD47 signaling. Sci Transl Med
2009, 1:3ra7.

48. Kirsch DG, Santiago PM, di Tomaso E, Sullivan JM, Hou WS, Dayton T,
Jeffords LB, Sodha P, Mercer KL, Cohen R, Takeuchi O, Korsmeyer SJ, Bronson RT,
Kim CF, Haigis KM, Jain RK, Jacks T: p53 controls radiation-induced
gastrointestinal syndrome in mice independent of apoptosis.
Science 2010, 327:593 ? 596.

49. Jolles B, Harrison RG: Radiation skin reaction and depletion and
restoration of body immune response. Nature 1963, 198:1216 ? 1217.

50. Sharma P, Templin T, Grabham P: Short term effects of gamma radiation
on endothelial barrier function: uncoupling of PECAM-1. Microvasc Res
2013, 86:11 ? 20.

51. Chin MS, Freniere BB, Lo YC, Saleeby JH, Baker SP, Strom HM, Ignotz RA,
Lalikos JF, Fitzgerald TJ: Hyperspectral imaging for early detection of
oxygenation and perfusion changes in irradiated skin. J Biomed Opt 2012,
17:026010.

52. Song CW, Kim JH, Rhee JG, Levitt SH: Effect of X irradiation and
hyperthermia on vascular function in skin and muscle. Radiat Res
1983, 94:404 ? 415.

53. Simonen P, Hamilton C, Ferguson S, Ostwald P, O ? Brien M, O ? Brien P,
Back M, Denham J: Do inflammatory processes contribute to radiation
induced erythema observed in the skin of humans? Radiother Oncol 1998,
46:73? 82.

54. Denham JW, Hamilton CS, Simpson SA, Ostwald PM, O ? Brien M, Kron T,
Joseph DJ, Dear KB: Factors influencing the degree of erythematous skin
reactions in humans. Radiother Oncol 1995, 36:107? 120.

55. Thanik VD, Chang CC, Zoumalan RA, Lerman OZ, Allen RJ Jr, Nguyen PD,
Warren SM, Coleman SR, Hazen A: A novel mouse model of cutaneous
radiation injury. Plast Reconstr Surg 2011, 127:560 ? 568.

56. Roth NM, Sontag MR, Kiani MF: Early effects of ionizing radiation on the
microvascular networks in normal tissue. Radiat Res 1999, 151:270 ? 277.

57. Kollias N, Gillies R, Muccini JA, Uyeyama RK, Phillips SB, Drake LA: A single
parameter, oxygenated hemoglobin, can be used to quantify
experimental irritant-induced inflammation. J Invest Dermatol 1995,
104:421? 424.

58. Stamatas GN, Kollias N: In vivo documentation of cutaneous inflammation
using spectral imaging. J Biomed Opt 2007, 12:051603.

59. Yohan D, Kim A, Korpela E, Liu SK, Niu C, Wilson BC, Chin LCL: Quantitative
monitoring of radiation induced skin toxicities in nude mice using
optical biomarkers measured from diffuse optical reflectance
spectroscopy. Biomed Opt Express 2014, 5:1309 ? 1320.

60. Chin MS, Freniere BB, Bonney CF, Lancerotto L, Saleeby JH, Lo YC, Orgill DP,
Fitzgerald TJ, Lalikos JF: Skin perfusion and oxygenation changes in
radiation fibrosis. Plast Reconstr Surg 2013, 131:707 ? 716.

61. Turesson I, Nyman J, Holmberg E, Oden A: Prognostic factors for acute
and late skin reactions in radiotherapy patients. Int J Radiat Oncol Biol
Phys 1996, 36:1065 ? 1075.

62. Wells M, Macmillan M, Raab G, MacBride S, Bell N, MacKinnon K,
MacDougall H, Samuel L, Munro A: Does aqueous or sucralfate cream
affect the severity of erythematous radiation skin reactions? A
randomised controlled trial. Radiother Oncol 2004, 73:153 ? 162.

63. Korpela E, Yohan D, Chin LC, Kim A, Huang X, Sade S, Van Slyke P,
Dumont DJ, Liu SK: Vasculotide, an Angiopoietin-1 mimetic, reduces
acute skin ionizing radiation damage in a preclinical mouse model.
BMC Cancer 2014, 14:614.

64. Pober JS, Sessa WC: Evolving functions of endothelial cells in inflammation.
Nat Rev Immunol 2007, 7:803? 815.

65. Williams MR, Azcutia V, Newton G, Alcaide P, Luscinskas FW: Emerging
mechanisms of neutrophil recruitment across endothelium. Trends
Immunol 2011, 32:461 ? 469.

66. Halle M, Gabrielsen A, Paulsson-Berne G, Gahm C, Agardh HE, Farnebo F,
Tornvall P: Sustained inflammation due to nuclear factor-kappa B activation
in irradiated human arteries. J Am Coll Cardiol 2010, 55:1227? 1236.

67. Liu W, Ding I, Chen K, Olschowka J, Xu J, Hu D, Morrow GR, Okunieff P:
Interleukin 1beta (IL1B) signaling is a critical component of radiation-induced
skin fibrosis. Radiat Res 2006, 165:181 ? 191.

68. Janko M, Ontiveros F, Fitzgerald TJ, Deng A, DeCicco M, Rock KL: IL-1
generated subsequent to radiation-induced tissue injury contributes to
the pathogenesis of radiodermatitis. Radiat Res 2012, 178:166? 172.
69. Scheller J, Chalaris A, Schmidt-Arras D, Rose-John S: The pro- and
anti-inflammatory properties of the cytokine interleukin-6. Biochim Biophys
Acta 1813, 2011:878 ? 888.

70. Nishimoto N, Kishimoto T: Interleukin 6: from bench to bedside. Nat Clin
Pract Rheumatol 2006, 2:619? 626.

71. Chou CH, Chen SU, Cheng JC: Radiation-induced interleukin-6 expression
through MAPK/p38/NF-kappaB signaling pathway and the resultant
antiapoptotic effect on endothelial cells through Mcl-1 expression
with sIL6-Ralpha. Int J Radiat Oncol Biol Phys 2009, 75:1553 ? 1561.

72. Wung BS, Ni CW, Wang DL: ICAM-1 induction by TNFalpha and IL-6 is
mediated by distinct pathways via Rac in endothelial cells. J Biomed Sci
2005, 12:91 ? 101.

73. Patchen ML, MacVittie TJ, Williams JL, Schwartz GN, Souza LM:
Administration of interleukin-6 stimulates multilineage hematopoiesis
and accelerates recovery from radiation-induced hematopoietic depression.
Blood 1991, 77:472 ? 480.

74. Patchen ML, Fischer R, MacVittie TJ: Effects of combined administration of
interleukin-6 and granulocyte colony-stimulating factor on recovery from
radiation-induced hemopoietic aplasia. Exp Hematol 1993, 21:338? 344.

75. Gaugler MH, Vereycken-Holler V, Squiban C, Vandamme M, Vozenin-Brotons MC,
Benderitter M: Pravastatin limits endothelial activation after irradiation and
decreases the resulting inflammatory and thrombotic responses. Radiat Res
2005, 163:479? 487.

76. Rovai LE, Herschman HR, Smith JB: The murine neutrophil-chemoattractant
chemokines LIX, KC, and MIP-2 have distinct induction kinetics, tissue
distributions, and tissue-specific sensitivities to glucocorticoid regulation
in endotoxemia. J Leukoc Biol 1998, 64:494? 502.

77. Meeren AV, Bertho JM, Vandamme M, Gaugler MH: Ionizing radiation
enhances IL-6 and IL-8 production by human endothelial cells.
Mediators Inflamm 1997, 6:185 ? 193.

78. Fox J, Gordon JR, Haston CK: Combined CXCR1/CXCR2 antagonism decreases
radiation-induced alveolitis in the mouse. Radiat Res 2011, 175:657? 664.

79. Petrache I, Birukova A, Ramirez SI, Garcia JG, Verin AD: The role of the
microtubules in tumor necrosis factor-alpha-induced endothelial cell
permeability. Am J Respir Cell Mol Biol 2003, 28:574 ? 581.

80. Hill RP, Zaidi A, Mahmood J, Jelveh S: Investigations into the role of
inflammation in normal tissue response to irradiation. Radiother Oncol
2011, 101:73 ? 79.

81. Flechsig P, Dadrich M, Bickelhaupt S, Jenne J, Hauser K, Timke C, Peschke P,
Hahn EW, Grone HJ, Yingling J, Lahn M, Wirkner U, Huber PE: LY2109761
attenuates radiation-induced pulmonary murine fibrosis via reversal of
TGF-beta and BMP-associated proinflammatory and proangiogenic
signals. Clin Cancer Res 2012, 18:3616 ? 3627.

82. Katzel EB, Koltz PF, Tierney R, Williams JP, Awad HA, O? Keefe RJ, Langstein HN:
The impact of Smad3 loss of function on TGF-beta signaling and
radiation-induced capsular contracture. Plast Reconstr Surg 2011,
127:2263? 2269.

83. Flanders KC, Sullivan CD, Fujii M, Sowers A, Anzano MA, Arabshahi A,
Major C, Deng C, Russo A, Mitchell JB, Roberts AB: Mice lacking Smad3
are protected against cutaneous injury induced by ionizing radiation.
Am J Pathol 2002, 160:1057 ? 1068.

84. Han G, Bian L, Li F, Cotrim A, Wang D, Lu J, Deng Y, Bird G, Sowers A,
Mitchell JB, Gutkind JS, Zhao R, Raben D, ten Dijke P, Refaeli Y, Zhang Q,
Wang XJ: Preventive and therapeutic effects of Smad7 on radiation-induced
oral mucositis. Nat Med 2013, 19:421? 428.

85. Hallahan DE, Virudachalam S: Intercellular adhesion molecule 1 knockout
abrogates radiation induced pulmonary inflammation. Proc Natl Acad Sci
U S A 1997, 94:6432 ? 6437.

86. Holler V, Buard V, Gaugler MH, Guipaud O, Baudelin C, Sache A, Perez Mdel R,
Squiban C, Tamarat R, Milliat F, Benderitter M: Pravastatin limits
radiation-induced vascular dysfunction in the skin. J Invest Dermatol
2009, 129:1280 ? 1291.

87. Kolaczkowska E, Kubes P: Neutrophil recruitment and function in health
and inflammation. Nat Rev Immunol 2013, 13:159 ? 175.

88. Liang L, Hu D, Liu W, Williams JP, Okunieff P, Ding I: Celecoxib reduces skin
damage after radiation: selective reduction of chemokine and receptor
mRNA expression in irradiated skin but not in irradiated mammary
tumor. Am J Clin Oncol 2003, 26:S114? S121.

89. Thomas DM, Fox J, Haston CK: Imatinib therapy reduces radiation-induced
pulmonary mast cell influx and delays lung disease in the mouse.
Int J Radiat Biol 2010, 86:436 ? 444.



Korpela and Liu Radiation Oncology 2014, 9:266 Page 9 of 9
http://www.ro-journal.com/content/9/1/266
90. Blirando K, Milliat F, Martelly I, Sabourin JC, Benderitter M, Francois A:
Mast cells are an essential component of human radiation proctitis
and contribute to experimental colorectal damage in mice.
Am J Pathol 2011, 178:640 ? 651.

91. Oh CW, Bump EA, Kim JS, Janigro D, Mayberg MR: Induction of a
senescence-like phenotype in bovine aortic endothelial cells by
ionizing radiation. Radiat Res 2001, 156:232 ? 240.

92. Yentrapalli R, Azimzadeh O, Sriharshan A, Malinowsky K, Merl J, Wojcik A,
Harms-Ringdahl M, Atkinson MJ, Becker KF, Haghdoost S, Tapio S:
The PI3K/Akt/mTOR pathway is implicated in the premature senescence
of primary human endothelial cells exposed to chronic radiation.
PLoS One 2013, 8:e70024.

93. Erusalimsky JD: Vascular endothelial senescence: from mechanisms to
pathophysiology. J Appl Physiol (1985) 2009, 106:326 ? 332.

94. Park MT, Oh ET, Song MJ, Lee H, Park HJ: Radio-sensitivities and
angiogenic signaling pathways of irradiated normal endothelial cells
derived from diverse human organs. J Radiat Res 2012, 53:570 ? 580.

95. Lyubimova N, Hopewell JW: Experimental evidence to support the
hypothesis that damage to vascular endothelium plays the primary role
in the development of late radiation-induced CNS injury. Br J Radiol 2004,
77:488? 492.

96. Jourdan MM, Lopez A, Olasz EB, Duncan NE, Demara M, Kittipongdaja W,
Fish BL, Mader M, Schock A, Morrow NV, Semenenko VA, Baker JE,
Moulder JE, Lazarova Z: Laminin 332 deposition is diminished in
irradiated skin in an animal model of combined radiation and
wound skin injury. Radiat Res 2011, 176:636 ? 648.

97. Denham JW, Hauer-Jensen M: The radiotherapeutic injury ? a complex
?wound ? . Radiother Oncol 2002, 63:129 ? 145.

98. Ahmad M, Khurana NR, Jaberi JE: Ionizing radiation decreases capillary-like
structure formation by endothelial cells in vitro. Microvasc Res 2007,
73:14? 19.

99. Imaizumi N, Monnier Y, Hegi M, Mirimanoff RO, Ruegg C: Radiotherapy
suppresses angiogenesis in mice through TGF-betaRI/ALK5-dependent
inhibition of endothelial cell sprouting. PLoS One 2010, 5:e11084.

100. Adams MJ, Lipshultz SE, Schwartz C, Fajardo LF, Coen V, Constine LS:
Radiation-associated cardiovascular disease: manifestations and
management. Semin Radiat Oncol 2003, 13:346 ? 356.

101. Minamino T, Miyauchi H, Yoshida T, Ishida Y, Yoshida H, Komuro I:
Endothelial cell senescence in human atherosclerosis: role of telomere in
endothelial dysfunction. Circulation 2002, 105:1541? 1544.

102. Gabriels K, Hoving S, Seemann I, Visser NL, Gijbels MJ, Pol JF, Daemen MJ,
Stewart FA, Heeneman S: Local heart irradiation of ApoE(−/−) mice
induces microvascular and endocardial damage and accelerates
coronary atherosclerosis. Radiother Oncol 2012, 105:358 ? 364.

103. Seemann I, Gabriels K, Visser NL, Hoving S, te Poele JA, Pol JF, Gijbels MJ,
Janssen BJ, van Leeuwen FW, Daemen MJ, Heeneman S, Stewart FA:
Irradiation induced modest changes in murine cardiac function despite
progressive structural damage to the myocardium and microvasculature.
Radiother Oncol 2012, 103:143 ? 150.

104. Beckman JA, Thakore A, Kalinowski BH, Harris JR, Creager MA:
Radiation therapy impairs endothelium-dependent vasodilation in
humans. J Am Coll Cardiol 2001, 37:761 ? 765.

105. Belloni PN, Carney DH, Nicolson GL: Organ-derived microvessel
endothelial cells exhibit differential responsiveness to thrombin and
other growth factors. Microvasc Res 1992, 43:20 ? 45.

106. Nolan DJ, Ginsberg M, Israely E, Palikuqi B, Poulos MG, James D, Ding BS,
Schachterle W, Liu Y, Rosenwaks Z, Butler JM, Xiang J, Rafii A, Shido K,
Rabbany SY, Elemento O, Rafii S: Molecular signatures of tissue-specific
microvascular endothelial cell heterogeneity in organ maintenance and
regeneration. Dev Cell 2013, 26:204 ? 219.

107. Junttila MR, de Sauvage FJ: Influence of tumour micro-environment
heterogeneity on therapeutic response. Nature 2013, 501:346 ? 354.

108. de Jongh RT, Serne EH, IJzerman RG, de Vries G, Stehouwer CD: Impaired
microvascular function in obesity: implications for obesity-associated
microangiopathy, hypertension, and insulin resistance. Circulation 2004,
109:2529 ? 2535.

109. Hunter GK, Reddy CA, Klein EA, Kupelian P, Angermeier K, Ulchaker J,
Chehade N, Altman A, Ciezki JP: Long-term (10-year) gastrointestinal and
genitourinary toxicity after treatment with external beam radiotherapy,
radical prostatectomy, or brachytherapy for prostate cancer. Prostate Cancer
2012, 2012:853487.

doi:10.1186/s13014-014-0266-7
Cite this article as: Korpela and Liu: Endothelial perturbations and
therapeutic strategies in normal tissue radiation damage. Radiation Oncology
2014 9:266.
Submit your next manuscript to BioMed Central
and take full advantage of: 

? Convenient online submission

? Thorough peer review

? No space constraints or color ?gure charges

? Immediate publication on acceptance

? Inclusion in PubMed, CAS, Scopus and Google Scholar

? Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Introduction
	Review
	General mechanisms of radiation protection
	Microvasculature as a mediator of radiation damage
	EC loss following irradiation
	Vascular inflammatory responses induced by irradiation
	Deterioration of EC function after irradiation


	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


