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Abstract Radiation therapy is widely used in the treat-
ment of primary malignant brain tumors and metastatic
tumors of the brain with either curative or palliative intent.
The limitation of cancer radiation therapy does not derive
from the inability to ablate tumor, but rather to do so
without excessively damaging the patient. Among the
varieties of radiation-induced brain toxicities, it is the late
delayed effects that lead to severe and irreversible neuro-
logical consequences. Following radiation exposure, late
delayed effects within the CNS have been attributable to
both parenchymal and vascular damage involving oligo-
dendrocytes, neural progenitors, and endothelial cells.
These reflect a dynamic process involving radiation-
induced death of target cells and subsequent secondary
reactive neuroinflammatory processes that are believed to
lead to selective cell loss, tissue damage, and functional
deficits. The progressive, late delayed damage to the brain
after high-dose radiation is thought to be caused by radia-
tion-induced long-lived free radicals, reactive oxygen
species, and pro-inflammatory cytokines. Experimental
studies suggest that radiation-induced brain injury can be
successfully mitigated and treated with several well estab-
lished drugs in wide clinical use which exert their effects by
blocking pro-inflammatory cytokines and reactive oxygen
species. This review highlights preclinical and early clinical
data that are translatable for future clinical trials.
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Introduction

Radiation therapy is one of the most effective adjuvant
treatments to surgery for the treatment of malignant central
nervous system (CNS) tumors. Despite the use of sophis-
ticated radiation delivery methods, the risk of inadvertent
injury to normal, non-targeted critical brain structures limits
the maximum dose used in radiation therapy. Consequently,
three distinct strategies have been proposed to improve its
utility. One strategy exploits recent advances in the delivery
of radiation using image guided precision localization to
permit delivery of higher doses of radiation to well-defined
intracranial targets. Another strategy exploits advances in
targeting radiation using radiosurgery and/or intensity
modulated radiotherapy to minimize exposure and toxicity
in the surrounding normal brain tissues. Other strategies
employ novel neurobiological findings to prevent/decrease
normal tissue toxicity or enhance the intrinsic radiosensi-
tivity of tumor tissue to increase the therapeutic efficiency
of radiation. Pharmacological strategies designed to reduce
normal tissue damage would complement focused high-
dose precision radiotherapy if the drug therapies do not
inadvertently protect tumor from radiation therapy. Finding
ways to prevent both acute and late delayed toxicity in
normal brain tissue associated with brain tumor irradiation
is of paramount importance, since the devastation resulting
from this toxicity can sometimes be far worse than the
initial lesion that was treated.

Clinical manifestation of radiation brain toxicity
Clinical responses of the brain to whole brain radiation

may be grouped as acute, early delayed, and late delayed
effects. Acute effects occur during and/or shortly after the
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radiation exposure and are characterized by symptoms of
fatigue, dizziness, and signs of increased intracranial
pressure. The acute effects are considered to be secondary
to edema and disruption of the blood-brain barrier (BBB).
Early delayed effects occur 6-12 weeks post-irradiation
and usually show reversible symptoms generalized weak-
ness and somnolence, in part resulting from a transient
demyelination. It is, however, the late delayed effects that
may lead to severe irreversible neurological consequences.
Clinical effects of the late damage to the brain range from
minor-to-severe cognitive deficits to focal or diffuse
necrosis of the brain parenchyma. Late radiation necrosis
may be associated with focal neurological signs such as
seizures, dysfunction of the cranial nerves, and increased
intracranial pressure caused by the persistent vasogenic
edema resulting from BBB damage. Late radiation necrosis
can be detected using magnetic resonance imaging where it
manifests as diffuse non-specific changes in white matter.
Since the normal brain tissue tolerance is directly related
to the volume and dose of tissues being irradiated, the
smaller incremental exposure of the normal tissue would be
routinely used in the clinical radiotherapy. The dose vol-
ume histogram would be a useful guide in estimating the
volume of normal tissues being exposed. Nevertheless,
long-term functional changes following whole brain irra-
diation can be more pronounced in young children,
particularly when radiation is used during the develop-
mental stages of neural tissues. Treatment-related late
effects with cognitive development and learning capability
as well as neuroendocrine functions have been shown
among childhood cancer survivors [1]. Although the dose-
response relationship is not well established in humans,
higher radiation doses may be associated with increased
incidence of long-term complications. Kim and Brown
addressed the issue of response of tumor and late-
responding normal tissue of critical intracranial structures
to both single dose and fractionated radiosurgery [2]. As
expected, single dose radiosurgery was found to be more
effective in curing small intracranial tumors than large
tumors. They further tested the validity of linear quadratic
iso-effect formula for the normal tissue injury using the
optic neuropathy as an end-point. The sparing effect of
fractionated radiosurgery is greater for late-responding
tissues, relative to the rapidly proliferating tumor tissues.

Pathogenesis of white matter necrosis

Histological features of the brain injury are diverse and not
specific to radiation. Classically, however, the most promi-
nent histopathological changes are (1) parenchymal cell loss
that involves demyelination of white matter, encephalo-
malacea, gliosis, and neural cell loss, and (2) vascular
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endothelial damages that may cause altered permeability
and BBB breakdown in the acute and subacute phases, and
teleangiectasia, hyalinosis and fibrinoid deposits in the
vessel walls in the late phase [3-5]. Since white matter
necrosis is the dominant histopathological presentation
following high dose radiation exposure, numerous radiobi-
ological studies have been carried out to identify the primary
target cell populations involved, which are postulated to be
either endothelial or glial progenitors and/or stem cells [6,
7]. Since the white matter necrosis is consistently associated
with demyelination and oligodendrocytes produce myelin
for myelin sheaths, earlier radiobiological studies focused
on determining the in vitro/in vivo radiosensitivity of glial
cells including the progenitor cells of oligodendrocytes,
known as O-2A cells [8]. Results clearly showed that oli-
godendrocytes are the most radiosensitive type of glial cell,
with cell death occurring rather early after relatively low
doses of irradiation [9]. Thus, the data seemed to be con-
sistent with the white matter selectivity of radiation-induced
brain injury. However, the time course of oligodendrocyte
depletion after irradiation was not consistent with that of
white matter necrosis during the development of late
delayed effects [10].

In an attempt to determine whether it is the endothelial
cell or the glial progenitor cell that is the primary target
responsible for the white matter necrosis, a novel radiobi-
ological study has been carried out using boron neutron
capture therapy. The method is based on the short-ranged
alpha particles released from the neutron capture reaction
in the stable boron isotope. Selective irradiation of the
microvasculature was achieved by intraperitoneal admin-
istration of a boron compound which remains within the
endothelium, since BBB excludes the boronated compound
from the brain parenchyma. The selective vascular damage
from the boron neutron capture irradiation, with only a
minimal dose to glial cells, resulted in significant demye-
lination and white matter necrosis indicating that
endothelial cell loss plays a significant role in this patho-
genesis [11]. It is, however, interesting to note that
selective irradiation of the vascular endothelium has no
effect on the survival of murine intestinal crypt stem cells
and endothelial cell damage is not causative in the eventual
development of the gastrointestinal syndrome [12].

In addition to the changes in tissue architecture, there
are also changes in cellular composition such as increased
numbers of reactive astrocytes (gliosis) and microglia at
the zone of radionecrosis [13, 14]. These reactive cells
have been shown to produce reactive oxygen species
(ROS), cytokines and growth factors that may cause cell-
to-cell interaction and progressive inflammatory radiation
injury [15-17]. In particular, excessive generation of ROS
from the injured and/or pro-inflammatory cells has been
implicated in the development of late delayed effects.
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Hence, the damage response is now viewed as a continu-
ous, dynamic and interactive process. The associated
pathologies are thought to be a consequence of complex
interplay among many different processes including vas-
cular endothelial cell loss, excessive generation of ROS
and inflammatory mediators [5, 14].

Excessive generation of ROS following radiation

Reactive oxygen species include oxygen ions, free radicals,
and both inorganic and organic peroxides. They are highly
reactive due to the presence of unpaired electrons in their
shells. ROS are produced continually in most tissues and are
part of normal cell signaling functions. Under normal con-
ditions, numerous antioxidant systems such as superoxide
dismutase (SOD), catalase, and glutathione peroxidase
defend cells against oxidative damage. However, during
times of environmental stress, ROS levels can increase dra-
matically, overwhelming antioxidant systems and resulting
in significant damage to cell structures [18-21]. This scenario
is referred to as oxidative stress. Damaging ROS might arise
from several sources including infiltrating activated leuko-
cytes, macrophages, and neurons (as a direct consequence of
excitotoxic stimulation). Tissue hypoxia resulting from vas-
cular damage is another continual source of ROS generation.
Further, pro-inflammatory cytokines and growth factors
greatly increase intracellular ROS generation [22, 23].

The brain is highly susceptible to oxidative stress. High
rates of aerobic glycolysis generate a continual supply of
ROS within mitochondria. Relative to other tissues, glial
cells and neurons contain relatively low levels of antioxidant
enzymes such as SOD, catalase, glutathione peroxidase, etc.
[24]. Moreover, myelin membranes contain high levels
of peroxidizable fatty acids, making them exceptionally
vulnerable to ROS [25].

Given the fact that persistent oxidative stress and ROS
derived from pro-inflammatory cytokines and growth fac-
tors are involved in the pathogenesis of central nervous
system toxicity, strategies to block effector molecules or to
reduce oxidative stress are attractive approaches for miti-
gating radiation-induced toxicity. Dietary supplements
with selective antioxidants have been shown to prevent the
reduction in the plasma level of total antioxidant status in
rodents exposed to low and high linear energy transfer
radiation [26]. Another approach to intercept reactive
oxidants is to test drugs that induce systemic antioxidant
biochemical properties.

VEGF, hypoxia and blood-brain barrier

Vascular endothelial growth factor (VEGF) is among the
first growth factors upregulated during the pathogenesis

associated with late delayed effects and is intimately
involved in the development of vascular pathologies and
white matter necrosis [27, 28]. The upregulation of VEGF
evolves gradually following brain radiation and typically
occurs several weeks prior to the development of overt
tissue pathology [12]. The cascade of events leading to
white matter necrosis is initiated by a gradual depletion of
vascular endothelial cells forming the BBB. The reduction
in endothelial cell number is not accompanied by a sub-
stantial decrease in vascular density, rather the endothelial
cell density in the existing vasculature is reduced which
gradually diminishes the integrity of the BBB [27]. This
gives rise to vasogenic edema, inflammation, and tissue
hypoxia which eventually result in the nearly simultaneous
induction of HIF-1o and VEGF [15, 27, 29]. The potent
effect of VEGF on vascular permeability exacerbates dis-
ruption of BBB, worsening vasogenic edema, inflammation,
and tissue hypoxia and resulting in further increases in
VEGF concentration. VEGF concentrations eventually
reach levels sufficient to induce endothelial proliferation
(i.e., angiogenesis) resulting in a dramatic increase in
endothelial cells referred to as “conditional renewal” [28].
This angiogenic response persists for approximately
20 weeks; however, it ultimately fails to restore BBB
integrity, resulting in a precipitous decline in the number of
endothelial cells that eventually leads to the development of
white mater necrosis.

Recent reports suggesting that anti-VEGF therapy can
normalize BBB function in microvessels damaged during
radiosurgery in the human brain suggest that manipulating
the VEGF signaling cascade may be a useful strategy for
mitigating late delayed injuries resulting from brain radi-
ation as well [30, 31]. Applied at the appropriate times,
anti-VEGF therapies may act to normalize the perivascular
microenvironment, thereby preventing the exacerbation of
vasogenic edema and/or facilitating a more successful
restoration of BBB integrity via angiogenesis.

Neurogenesis and cognitive dysfunction

Whereas high doses of radiation produce overt histopa-
thological changes such as demyelination and
vasculopathies within the brain parenchyma, lower dose
exposures produce cognitive dysfunction without inducing
obvious morphological changes. Although the pathogen-
esis of radiation-induced cognitive dysfunction is
unknown, recent studies suggest that it may involve
impaired neurogenesis within the subgranular zone (SGZ)
of the dentate gyrus [32-34]. Whole brain radiation doses
as low as 2 Gy are sufficient to reduce the rate of pro-
liferation among neuronal progenitors within the SGZ
[35]. At higher radiation doses proliferation among these
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progenitors is effectively blocked, accompanied by an
impairment of contextual fear conditioning and synaptic
plasticity within the dentate gyrus [36]. It is presently
unknown whether impaired neurogenesis within the SGZ
contributes directly to the varied forms of radiation-
induced cognitive impairment. Although the neuronal
progenitors within the SGZ are highly radiosensitive,
direct effects of radiation on synaptic plasticity in the
hippocampus or in other limbic or paralimbic structures
may also be involved. It is, therefore, important to con-
sider the functional status of synaptic plasticity, as
measured by long term potentiation (LTP), along with the
status of N-methyl-D-aspartate (NMDA) receptors in
multiple brain structures in this context [37-39]. The
volume of irradiated tissue may also be relevant in this
regard. Though this has yet to be systematically investi-
gated in this context, several clinical observations suggest
that the limbic system, and in particular the hippocampus,
functions as a parallel circuit between hemispheres,
requiring bilateral irradiation of these limbic structures to
produce cognitive impairment [40].

Recent studies by Monje et al. have shown that radia-
tion-induced impairment of neurogenesis within the rat
dentate gyrus results from a disruption of a microvascular
“niche” within the SGZ [41]. They postulated that neuro-
genesis is coordinated within this microenvironment by
signals derived both from within the brain parenchyma and
from circulating blood-plasma. Subsequent studies by
Monje and her colleagues showed that neurogenesis within
the SGZ is inversely correlated with the activated mi-
croglial load after radiation, and can be partially restored
by administering the anti-inflammatory drug, indomethacin
[42]. These data suggest that reducing the inflammatory
status associated with the dysfunction of the vascular
endothelium may represent a successful strategy for pre-
serving neurogenesis and perhaps mitigating cognitive
impairment following brain irradiation.

Therapeutic strategies

Based on the foregoing discussion, progressive damage to
the CNS after irradiation is increasingly thought to be
caused by radiation-induced and long-lived free radicals,
ROS, and pro-inflammatory cytokines, resulting in a
deterioration of neurological function. Strategies aimed at
blocking effector molecules or otherwise reducing oxida-
tive stress are attractive for preventing or mitigating
radiation-induced CNS toxicity. One approach to impeding
the actions of reactive oxidants is to administer drugs that
induce endogenous antioxidant biochemical processes.
Several drugs which block pro-inflammatory cytokines and
ROS are currently available and in wide clinical use.
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Angiotensin-converting enzyme (ACE) inhibitors

Angiotensin converting enzyme inhibitors (ACEi) are
widely used as antihypertensive agents. In cardiac patients,
ACEi improve cardiac function and reduce the risk of re-
infarction, morbidity, and mortality [43, 44]. ACE converts
angiotensin I to angiotensin II. Angiotensin II is a potent
vasopressor which acts by binding to G protein-coupled
receptors, angiotensin II type 1 and type 2 (AT1R and
AT2R, respectively). Binding to ATIR produces vaso-
constrictive effects, whereas binding to AT2R produces
vasodialating effects [45]. These receptors are widely dis-
tributed in various tissues including brain, where they are
found on both neurons and glial cells. After tissue injury,
AT2R are commonly upregulated resulting in greater pro-
duction of angiotensin II [46]. In this context, angiotensin
II is a pro-inflammatory and pro-fibrogenic mediator
which, in combination with other cytokines and growth
factors, may participate in the development of long-term
tissue and organ injury [46].

In addition to the role of angiotensin II as an inflam-
matory effector molecule, there is an evolving body of
evidence supporting the idea that angiotensin II-induced
oxidative stress plays an important role in angiotensin II-
mediated cellular responses. Griendling et al. first docu-
mented that angiotensin II increases NADPH oxidase
activity in macrophages, an abundant source of ROS [47].
Tojo et al. have shown that ACEi significantly reduces
NADPH oxidation products and lipid peroxidation prod-
ucts in rats with heart failure [48]. This is further supported
by the data that PPAR-y ligands, which are potent anti-
oxidants, may attenuate angiotensin-induced ROS genera-
tion and monocyte adhesion to endothelial cells [49].
Taken together, these results suggest that angiotensin II-
induced oxidative stress may be an important mechanism
by which this neurohormone induces many of its tissue
pathologic effects.

The role of ACE and its metabolites in the pathogenesis
of radiation-induced tissue and organ injury was reviewed
by Robbins and Diz [50]. In the mid-1980s Ward and his
colleagues first showed a modification of radiation-induced
pulmonary dysfunction in rats with the use of captopril, one
of the first ACEi used in humans [50]. However, enthusi-
asm for the use of ACEi to ameliorate radiation-induced
lung fibrosis was dampened when the investigators failed to
demonstrate that the radioprotection was permanent [51].
On the other hand, Moulder and his colleagues showed
that, in a rat model of radiation nephropathy, the severity of
both functional and histopathological injury could be
reduced by captopril therapy [52]. Importantly, the pro-
tective effect of ACEi in radiation-induced renal injury was
maintained, even when the treatment was non-continuous
or if ACEi were used at non-hemodynamic doses [53-55].
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These radioprotective effects were notably absent for
radiation-induced pneumonitis. Recently, using ramipril, a
lipophilic ACEi currently being used in humans, Kim and
his colleagues were the first to demonstrate neuroprotection
against late delayed brain injury [56]. It is significant to
note that functional and histopathological protection was
observed even when ramipril was administered weeks after
the radiation exposure (up to 2 weeks after high single dose
of radiation) [57]. More recently, they demonstrated that
rampril reduced the inhibition of neurogenesis following
whole brain radiation in rats [58].

Statins

Stains, HMG-Co-A reductase inhibitors, block the rate-
limiting step of cholestrol biosynthesis. Clinically, statins
are widely used to treat hypercholesterolemia and athero-
sclerosis. In addition to the primary mode of action, statins
possess pleitropic effects that are under active investiga-
tion. The inhibition of cellular proliferation, the restoration
of endothelial activity, the inhibition of platelet reactivity,
and an antioxidant potential are only a few examples of
effects attributed to statins on various vascular tissues.
Statins have also been shown to possess potent anti-
inflammatory properties [59]. Recent in vitro and in vivo
studies demonstrated that statins reduce the generation of
intracellular ROS in smooth muscle cells after stimulation
of the NADPH oxidase with growth factors or angiotensin
[60]. Haendeler et al. showed additional novel antioxidant
mechanism by which statins reduce ROS through s-nitro-
sylation of thioredoxin in endothelial cells [61]. There are
increasing experimental data available demonstrating the
neuroprotective effects of statins after ischemic and/or
traumatic brain injury [62]. Treatment of stroke in the rat
with statins induced angiogenesis, neurogenesis and syna-
ptogenesis in the ischemic brain, and the subsequent brain
remodeling contributed to functional recovery [63].
Molecular mechanisms underlying the role of statins in the
induction of brain plasticity and subsequent improvement
of neurologic outcome after treatment of stroke are thought
in part to be mediated by increased expression of brain-
derived neurotrophic factor and VEGF. Statins also pro-
vided a significant neuroprotection in rats subjected to
acute traumatic brain injury [64].

Using statins, Williams and her colleagues have shown a
significant mitigation of radiation-induced pneumonitis in
rats [65]. Statin-treated animals showed a substantial
reduction in both macrophage and lymphocyte populations
in the irradiated lung compared to radiation alone. More
recently, statins were shown to be effective in mitigating
delayed intestinal radiation injury in rats [66, 67]. We have
obtained data showing significant protection against the

inhibitory effects of radiation on hippocampal neurogene-
sis after whole brain irradiation in rats [68]. Taken
together, emerging biological data at the molecular and
cellular levels are disclosing an increasing number of rel-
evant properties of statins that seem strongly connected to
vascular endothelial protection and both anti-inflammatory
and anti-fibrotic conditions. In addition, statins have been
shown to reduce the susceptibility of lipid peroxidation
[69]. These data provide indirect evidence supporting an
antioxidant effect of statins, independent of their primary
lipid-lowering action.

Superoxide dismutase (SOD) mimetics

Under normal physiological conditions, numerous cellular
anti-oxidant systems exist to defend against oxidative
stress and maintain the redox balance within the cell. ROS
are cleared from the cell by enzymatic systems including
SOD, catalase, and glutathione peroxidase, or non-enzy-
matic systems including antioxidant vitamins such as alpha
tocopherol and ascorbic acid. An early clinical study using
synthetic Cu/Zn SOD has shown a promising result in the
treatment of radiation-induced skin fibrosis [70, 71]. Others
have used different formulations of SOD and synthetic
SOD mimetics and demonstrated neuroprotective effects
following ischemic brain injury in the rat [72, 73]. Salen-
manganese complexes are low-molecular weight synthetic
compounds that exhibit both SOD and catalase activities,
catalytically destroying both superoxide and hydrogen
peroxide, respectively [74, 75]. The synthetic SOD
mimetic (e.g., Eukarion) showed reversal of age-related
learning deficits and brain oxidative stress in mice [76].
More recently, use of viral vectors (e.g., adenovirus or
adeno-associated virus) carrying SOD gene is being
investigated in mitigating the effect of radiation-induced
skin and lung injury [77, 78].

VEGEF inhibitors

VEGF is mitogenic, angiogenic, and a potent mediator of
vascular permeability, being 50 times more effective than
histamine [79]. VEGF causes extravasation of plasma
proteins in skin bioassays and increases hydraulic con-
ductivity in perfused microvessels [80]. Hypoxia triggers
VEGEF expression [81]. Although VEGF acts as a survival
factor for endothelial cells and its depletion can cause
vascular damage [82], excessive production of VEGF
arising from activated astrocytes following the endothelial
damage can cause vasogenic edema, resulting in tissue
hypoxia, breakdown of the blood-brain barrier, and white
matter necrosis.
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Bevacizumab is a humanized monoclonal antibody that
binds to VEGF and was approved by FDA for use in
combination with standard chemotherapy in the treatment
of metastatic colon and non-small cell lung cancer [83, 84].
In addition, several small molecule VEGF inhibitors as well
as other anti-VEGF monoclonal antibodies are in various
stages of clinical trials for solid tumors. Small-molecule
inhibitors of VEGF receptor tyrosine kinase activity include
sorafenib, sunitinib, and vandetanib. Another class of
VEGF inhibitor includes VEGF Trap. VEGF trap is a fusion
protein consisting of key domains from human VEGF
receptors 1 and 2 with human IgG1 Fc. As a decoy receptor,
it binds VEGF with high affinity and blocks all VEGF-A
isoforms as well as placental growth factor [85].

Using a VEGF antagonist, Ferrara et al. was the first to
show a significant reduction in the ischemia/reperfusion-
related brain edema and injury, implicating VEGF in the
pathogenesis of stroke and related disorders [80]. Anti-
VEGF therapy can also “normalize” oxygen delivery and
BBB function in tumor vasculature, improving the delivery
of chemotherapeutic drugs and/or the efficacy of radiosur-
gery to destroy the tumor [31]. The involvement of VEGF in
the pathogenesis leading to white matter necrosis following
brain radiation suggests that anti-VEGF therapy may be
useful for mitigating late delayed injuries. Indeed, Gonzales
et al. recently treated a series of 8 patients with radiation
necrosis, assessed on the basis of MRI and biopsy, with
bevacizumab for 2-3 weeks. Treatment with the drug alone
produced an over 50% reduction in both MRI fluid-atten-
uated inversion recovery abnormalities and T1-weighted
Gd-contrast abnormalities [30]. It was possible to achieve
an average reduction in daily dexamethasone requirements
of 8.6 mg. Although long-term follow-up data are needed to
establish whether brain necrosis is reduced, the preliminary
data are encouraging. Once a reliable pre-clinical animal
model of the radiation-induced white matter necrosis in the
brain is established, more detailed molecular and cellular
mechanistic studies should be carried out to determine the
role of VEGF inhibitors in preventing and mitigating white
matter necrosis of the brain.
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