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INTRODUCTION

Cancer represents one of the most significant public health problems in the United States,
accounting for 25% of deaths. A total of nearly 1.5 million individuals will be diagnosed
with cancer in the United States in 2009 [1]. Continuing improvements in cancer therapy
and health care delivery have resulted in an ever-growing population of nearly 12 million
long-term cancer survivors; currently approximately 66% of adult and 80% of pediatric
cancer patients survive 5 years or more.

Radiation therapy (RT), surgery, and chemotherapy are the primary treatment modalities
used in cancer therapy to enhance patient survival; some 60% of all newly diagnosed cancer
patients will receive RT during the course of their disease [2]. Radiation therapy represents a
targeted, non-invasive and potentially organ-preserving therapy; however, radiation-induced
late effects remain a significant risk. Given the increasing population of long-term survivors,
the need to mitigate or treat late effects has emerged as a primary area of radiation biology
research [3;4].

Numerous studies conducted over the last 20 years or so have clearly demonstrated that
radiation-induced late effects arise from not simply mitotic cell death of particular target cell
clonogens, but more importantly, from complex and dynamic interactions between multiple
cell types within an organ [5-8]. Normal cells are active participants in the normal cellular
response to injury that may initiate an active chronic process that ultimately leads to
progressive damage. Indeed, radiation injury can be modulated by the application of
pharmacological therapies focused on altering steps in the cascade of events leading to the
clinical expression of normal tissue injury [9]. However, details of the specific pathogenic
mechanisms involved in the development and progression of late, radiation-induced normal
tissue morbidity, remain to be determined.

RADIATION-INDUCED BRAIN INJURY

The total dose of RT that can be administered safely to the brains of patients presenting with
primary or metastatic brain tumors is limited by the risk of normal tissue morbidity. Based
on the time of clinical expression, radiation-induced brain injury is described in terms of
acute, early delayed, and late delayed reactions [10]. Acute injury (acute radiation
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encephalopathy), expressed in days to weeks after irradiation, is rare under current RT
regimens. Early delayed injury occurs from 1-6 months post-irradiation and can involve
transient demyelination with somnolence which is mainly seen in children but can also
affect adult patients in the first 2 months after RT. While both these early injuries can result
in severe reactions, they usually resolve within 1-3 months, either spontaneously or
following treatment with corticosteroids and their severity is not predictive of the more
severe late effects. Late delayed effects, characterized histopathologically by demyelination,
vascular abnormalities and ultimate white matter necrosis [11], are observed > 6 months
post-irradiation after relatively high doses (>60 Gy, fractionated [10;12]

In addition to these histopathologic endpoints, there is a growing awareness of intellectual
deterioration in patients receiving brain irradiation [13] that can occur with relatively lower
doses and in the absence of apparent structural lesions. Although diverse in character, this
often includes hippocampal-dependent functions including learning, memory, and spatial
information processing. Cognitive impairment, including dementia, induced by partial or
whole-brain irradiation (WBI) is reported to occur in up to 50% of adult brain tumor patients
who are long-term survivors (> 6 months postirradiation) [13-16]. The resultant impact on
quality of life (QOL) has become an extremely important concern for long-term survivors,
particularly for adult survivors of childhood cancer, who present with an extraordinarily
high incidence of late, and often permanent, complications arising from combined RT and
chemotherapy [17], including significant neurocognitive sequelae [18-20].

The need to both understand and minimize the side effects of brain irradiation is heightened
by the increasing number of patients with secondary brain metastases (mets) that require RT.
Some 30% of new cancer patients will develop brain mets [21;22], making this the most
common neurological manifestation of cancer, and a cancer problem more common in
incidence than newly diagnosed lung, breast, or prostate cancer combined. The annual
incidence in the United States appears to be increasing, due in part to an aging population,
better anticancer therapies for systemic disease, and the application of improved imaging
techniques to detect smaller mets in asymptomatic patients [23]. Approximately 200,000
individuals will ultimately be treated with partial large field or WBI for brain mets. Over
half of these patients will survive long enough to develop radiation-induced brain injury,
including cognitive impairment. At present, there are no successful long-term treatments or
effective preventive strategies for radiation-induced brain injury [24].

PATHOGENESIS OF RADIATION-INDUCED BRAIN INJURY

Although the precise pathogenic mechanisms involved in the development and progression
of radiation-induced brain injury remain ill-defined, there is a growing acceptance of a
model in which the radiation response of the brain involves all of the cell types found within
the brain, including astrocytes, endothelial cells, microglia, neurons, and oligodendrocytes
participating in an ongoing dynamic and interactive process [10]. An additional and
important component of radiation injury to the brain is the relatively recent observation that
irradiation can inhibit hippocampal neurogenesis [25;26].

The hippocampus is central to short-term declarative memory and spatial information
processing. Active neurogenesis occurs throughout adulthood in a specialized region of the
hippocampus called the dentate gyrus (DG) [27]. Neural stem/precursor cells residing in the
subgranular zone (SGZ) of the DG give rise to new glia or neurons; the latter functionally
integrate into the granule cell layer of the hippocampus [28]. Neurogenesis depends on the
presence of a specific neurogenic microenvironment; both endothelial cells and astrocytes
can promote or regulate neurogenesis [29;30]. These neural precursor cells are extremely
radiosensitive [31]; rats irradiated with a single dose of 10 Gy, that fails to cause
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demyelination or white matter necrosis, produce only 3% of the new hippocampal neurons
produced in control animals [32]. Experimental findings suggest that the detrimental effect
of WBI on hippocampal neurogenesis is a key contributing factor to radiation-induced
cognitive impairment. In vitro, irradiation leads to a loss of proliferative capacity of
neuronal precursor cells [32]; in vivo, WBI of the mouse and rat brain leads to a significant
decrease in the number of newborn mature and immature neurons in the DG [32-34]. Recent
data from human patients indicate that RT for malignant brain tumors also leads to a
significant reduction in the number of neurogenic cells [35]. This radiation-induced decrease
in hippocampal neurogenesis is associated with hippocampal-dependent spatial learning and
memory impairment [33;34], inferring a mechanistic link between these factors. Using a
recently characterized rat model [36], we have applied the non-hippocampal-dependent
novel object recognition task to assess recognition memory; this is significantly impaired 6
months after fractionated (f)WBI and gets worse over the next 6 months [37]. Thus, WBI
leads to significant and progressive reductions in both hippocampal- and non-hippocampal-
dependent cognitive function, suggesting that multiple regions of the brain are involved. In
addition to decreased neurogenesis, other mechanisms may be involved, including
alterations in NMDA receptor subunits [38], genetic risk factors [39], neuronal function/
gene expression [40], and oxidative stress/inflammation [41;42].

The latter appears to be particularly important. There is growing appreciation for the role of
acute and chronic oxidative stress/inflammation in the development and progression of
radiation-induced late effects [43]. Irradiating late responding normal tissues leads to
chronic increases in reactive oxygen species/reactive nitrogen oxide species (ROS/RNOS)
that serve as intracellular signaling species to modulate cell phenotype, leading to chronic
inflammation and organ dysfunction. The brain is particularly sensitive to oxidative stress
due to its i] high oxygen consumption [44], ii] high content of oxidizable unsaturated fatty
acids [44] and free iron [45], iii] limited capacity to perform anaerobic glycolysis [46], and
iv] low levels of antioxidant defenses [47]. Oxidative stress and resultant changes in redox
state appear critical in regulating the response of the brain to a variety of insults [48;49].
Indeed, a primary role for chronic oxidative stress/inflammation and ROS/RNOS in
radiation-induced brain injury has been proposed recently [42].

Direct experimental evidence for radiation-induced oxidative/nitrosative stress has been
obtained from studies using neonatal and adult rodents. Irradiating one hemisphere of
postnatal day 8 rats or of postnatal day 10 mice with a single dose of 4-12 Gy of 4 MV X-
rays led to time-dependent increases in nitrotyrosine in the subventricular zone and the
granular cell layer of the DG 2-12 h postirradiation [50]. An oxidative stress, evidenced as a
significant increase in lipid peroxidation was noted in the adult male mouse hippocampus 2
weeks after brain irradiation with a single dose of 10 Gy [51]. More recently, Rola et al [52]
reported a chronic inflammatory response in the mouse SGZ 9 months following high-LET
brain irradiation; expression of the CCR2 receptor, important in neuroinflammation [53;54],
increased in the irradiated brains as compared to the sham-irradiated control brains.
Persistent microglial activation in the rat brain has also been observed after fWBI [55].
These findings provide the rationale for applying anti-inflammatory-based interventions to
prevent or ameliorate the severity of late radiation-induced brain injury.

FUNCTIONAL COMPONENTS OF THE BRAIN RAS AS POTENTIAL
MEDIATORS OF RADIATION-INDUCED INJURY

As reviewed recently [56], there is still controversy about the presence and localization of
components of the brain RAS. Three possibilities for which there is support are shown in
Figure 1. It is well known that angiotensinogen (Aogen) is an extracellular component of the
cerebrospinal/interstitial fluid and constitutes one of the more abundant proteins in
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cerebrospinal fluid [57]; production of the precursor protein is primarily glial [56].
Overexpression of antisense to Aogen behind a glial-fibrillary acidic protein (GFAP)
promoter results in loss of 90% of the brain Aogen [58]. However, as illustrated in the first
panel of Figure 1, Aogen is also found in neurons [59], most often in brain centers involved
in cardiovascular regulation such as the subfornical organ, paraventricular nucleus, nucleus
of the solitary tract and rostroventrolateral medulla. In addition, Aogen immunoreactivity is
present at sites other than those associated with blood pressure (BP), fluid and electrolyte
homeostasis providing evidence that the brain RAS may serve in other capacities and is not
limited to cardiovascular regulatory functions. Questions remain, however, regarding local
synthesis of renin in brain, especially given that prorenin or active renin can be sequestered
from the circulation and other enzymes can exhibit similar proteolytic profiles. There is
evidence within the brain of renin mRNA [60] and cells in the pituitary, choroid plexus,
medulla oblongata, and hypothalamus are positive for renin immunoreactivity. The renin
present in cells of the choroid plexus would be positioned for release and have the ability to
act on the Aogen in the extracellular milieu. Renin immunoreactivity is localized with
neurons, but in the medulla oblongata and subfornical organ, it has been demonstrated in
glial elements as well. However, renin mMRNA as an indicator of synthesis of the protein, is
predominantly but not exclusively in neurons [61;62].

All enzymes required for subsequent processing of Ang | into active peptides including Ang
converting enzyme (ACE) for Ang I, ACE2 and neprilysin for Ang-(1-7) and
aminopetidases for Ang Ill and IV are present on the basis of immunocytochemistry or
molecular approaches throughout the central nervous system (CNS). The predominant
localization of these secondary enzymes on plasma membranes points to extracellular
formation of the final bioactive peptide products, however evidence for intracellular staining
for the major active peptides Ang Il and Ang-(1-7) does not rule out a completely
intracellular processing pathway [63]. From previous studies whether the processing of Ang
I and other active peptides takes place within the same glial or neuronal cell, extracellularly
by membrane-bound enzymes located on glia or neurons, or a combination of both, is not
established as there is evidence for all of these possibilities.

The middle panel in Figure 1 shows Ang-(1-12), the most recent Ang peptide identified in
brain tissue [64]. This C-terminal extended sequence is detected in heart, kidney, and brain
in equal or higher amounts relative to traditional Ang peptides [64]. Ang-(1-12) has a
vasoconstrictive action in the isolated perfused rat aorta and increases mean arterial pressure
following intravenous administration; effects that were abolished by ACE inhibition or Ang
Il type 1 receptor (AT1R) blockade. Preliminary studies [65] indicate that Ang-(1-12) is
metabolized in a non-renin dependent manner in heart, plasma and kidney to either Ang Il or
Ang-(1-7), depending upon the processing enzymes present, ACE or neprilysin. An
antibody to Ang-(1-12) given intracerebroventricularly lowered BP in hypertensive but not
normotensive rats [66;67]. Therefore, Ang-(1-12) is thought to arise from processing of
Aogen extracellularly, since it is not expected that an antibody would gain access to
intracellular peptide. In (mRen2)27 rats chronic immunoneutralization of Ang-(1-12) with
an antibody specific to the unique C-terminal end of the peptide, reduced BP over a 2 wk
period, and the combination of Ang-(1-12) antibody and a renin inhibitor had a greater
effect than the antibody alone [66;67]. Thus, we suggest that an Ang-(1-12)/ACE pathway
exists in brain in parallel with other known pathways that involve renin, and that to fully
block the formation of the Ang peptides in brain tissue, both pathways must be targeted.

As discussed above Aogen is expressed widely in brain tissue, as is ACE for generation of
Ang I, and ACE2 and neprilysin for generation of Ang-(1-7) from Ang Il or Ang I,
respectively [68;69]. However, each Ang peptide could come from Ang-(1-12) as an
intermediate as well. If the further conversion of Ang-(1-12) to Ang I is ACE dependent,
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then blockade by ACE inhibitors (ACEISs) in brain may reduce both Ang Il and Ang-(1-7),
as would a renin inhibitor. Indeed, knock-down of glial Aogen in transgenic animals is
associated with less age-related cardiovascular morbidity and an increased lifespan [70].
ACE inhibitors as well as AT;R antagonists (AT,RASs) given systemically appear to have
beneficial long-term effects [71;72] and may shift the balance from Ang Il to Ang-(1-7)
actions through a variety of mechanisms [73] as further discussed below. Thus, in the
absence of total knock-down of both limbs of the RAS, elevation of Ang-(1-7) or reduction
of Ang Il may also provide substantial neuroprotection.

The ATy and AT, receptors for Ang Il and mas receptor for Ang-(1-7) are found in many
brain areas. In fact, the widespread distribution of the receptors in areas not consistent with
either localization of the precursor processing components or cardiovascular actions has
been a vexing challenge in understanding the configuration of the system. Although it is
well known that molecular or pharmacologic RAS inhibitors lower BP [74], knowledge of
the impact of disruption of this system on non-cardiovascular endpoints is severely lacking
as are data on the effects of long-term interruption of the system in the cognitive decline
with aging. However, the concept has evolved that the Ang peptides play a role in cellular
growth and metabolism, injury and repair processes as well as vasculo-neural
communications [75-78]. Thus, the fact that ATy, AT, and mas receptors are localized
along with other RAS components on neuronal, glial, vascular and epithelial elements
(Figure 2) may represent far more than typical transmitter like functions in brain. The
distribution is certainly compatible with effects of the peptides on a variety of modulatory
functions reflecting the presence of the receptors on all of the elements of the brain
mentioned in the sections above as responding to or involved in the late effects of radiation-
induced injury. Therefore, studies investigating the involvement of locally derived brain, or
systemically produced, renin, Aogen and Ang peptides in the late effects of brain irradiation
are eagerly awaited.

In terms of actions of Ang Il on cellular mechanisms leading to inflammation or oxidative
stress thought to participate in the late effects of radiation therapy, the localization of the
receptors is of primary interest. In studies of cardiovascular areas of the brain such as the
nucleus of the solitary tract, the AT4{R is present on glial, neuronal, vascular endothelial and
smooth muscle cells, as well as on the epithelial components of brain tissue such as the
choroid plexus. Brain regions with evidence of the AT{R or AT,R receptor include cortex,
basal ganglia, thalamic and limbic regions. Importantly for memory and learning, functional
receptors are reported in the hippocampus [79]. Less is known about the mas receptor, but it
is reportedly localized in many of these same brain regions [80]. Evidence that Ang Il
receptors appear in areas of inflammation and response to injury further support a role for
the peptide on invading cells related to immune or defense reactions [81-84]

Some of the potential signaling pathways for Ang Il and Ang-(1-7) are shown in Figure 2.
These cellular pathways are common to many other transmitters and hormones in the brain
and periphery. For example, Ang Il activates P13 kinase and MAP kinase pathways to
induce rapid signaling responses in many cells and tissues including the brain. The PI3
kinase pathway is involved in maintenance of Ang ll-induced hypertension as P13 kinase
blockade with wortmannin in the nucleus tractus solirarii [85] of (mRen2)27 rats or rostro-
ventrolateral medulla of spontaneously hypertensive rats [86] decreases arterial pressure and
increases reflex control of heart rate. The MAP kinase pathway is implicated in the support
of resting, as opposed to elevated, arterial pressure and in response to Ang Il there are
increases in phosphorylated ERK-1/2 in cells from both normotensive and hypertensive rats
[87]. The activity of MAP kinases and P13 kinases is tightly regulated by coordinated
regulation of phosphatases. DUSP-1 acts to negatively regulate the MAP kinase pathway
while PTP1b acts to negatively regulate the PI3K pathway [88-91]. Inhibition of PTP1b, the
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phosphatase acting on Akt, has the opposite effect to PI3 kinase blockade, in that it reduces
reflex control of heart rate in Sprague-Dawley rats [92]. Our preliminary data suggest that
when PI3K signaling pathways are activated in (mRen2)27 rats leading to impaired reflex
function, there is very little PTP1b tone to offset the impairment [92]. This would be
consistent with low endogenous levels of Ang-(1-7) in the medulla of these hypertensive
animals and, potentially, down-regulation of the PTP1b. While this hypothesis is being
explored in present studies, Figure 2 illustrates how Ang-(1-7) is proposed to regulate Ang
I1-stimulated signaling pathways by up-regulating DUSP-1 and PTP1b expression [93].
Whether expression of DUSP-1 and PTP1b are regulated in brain areas involved in memory
and learning, or anxiety and depression, in response to long-term alterations in brain or
circulating Ang peptides is not known, but the differential effects of PTP1b blockade in the
nucleus of the solitary tract in animals over-expressing or under-expressing Ang-(1-7) as
mentioned above is consistent with this overall concept. Even in the absence of an
upregulation of the kinases in normal animals, the phosphatases could provide a buffering
tone, such that phosphatase inhibition would cause a functional shift towards Ang II.
Whether similar shifts in the balance of these kinases and phosphatases occur in response to
radiation, and whether blockade of the RAS can alter this response, is a subject of current
investigation. In addition to the role of the kinase-phosphatase pathways in the actions of
Ang peptides, as reviewed in more detail below, there is ample evidence for
counterbalancing NADPH oxidase and diaphorase pathways. Ang Il is proposed to exert a
pressor response through activation of NADPH oxidase in the subfornical organ and perhaps
the paraventricular nucleus. In contrast, there is close association of Ang-(1-7)
immunoreactivity with NADPH diaphorase in the brain, and a functional relationship is
suggested given that nitric oxide (NO) release by Ang-(1-7) occurs in ischemia [94-96].
Certainly the localization of Ang receptors throughout the brain parenchyma, activated
blood and glial cells, vasculature and epithelium provides an anatomical substrate for the
myriad of actions associated with RT as further discussed in the following sections of this
review.

RAS BLOCKERS AND TREATMENT OF RADIATION-INDUCED BRAIN

INJURY

Extensive studies in the kidney and to a lesser extent the lung have provided clear evidence
that ACEIs and AT{RAs can modulate radiation-induced late effects [9]. However, although
these empirical observations demonstrate that RAS blockade works, the specific
mechanisms involved remain unclear. Nonetheless, given the presence of a functioning brain
RAS and its importance in normal cognitive processing and potential treatment of
dysfunctional memory disease states [97], the use of RAS blockers in the treatment of
radiation-induced brain injury appears logical [98]. Indeed, a key role for the brain RAS in
the development of dyscirculatory encephalopathy (DE) in Chernobyl cleanup workers has
been proposed recently [99].

Using a recently established rat model of radiation-induced injury to the optic nerve, Kim et
al [100] were the first to demonstrate ACEI-mediated neuroprotection against late radiation-
induced brain injury. The ACEI ramipril is an ester-containing prodrug that upon ingestion
is rapidly taken up by the liver and converted to its active form, ramiliprat. Of importance,
and unlike many other ACEIs, the drug can cross the blood brain barrier [101]. Both optic
nerves and chiasm of young adult male Fischer 344 (F344) rats were irradiated
stereotactically with 30 Gy using a single collimated beam. Starting 2 weeks after
irradiation, groups of rats were assigned to receive either normal drinking water or drinking
water containing ramipril (1.5 mg/kg). Six months after brain irradiation, rats were assessed
for functional optic nerve damage using visually evoked potential (VEP), followed by
histological analyses after euthanization. Rats receiving radiation alone exhibited a 3-fold
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lengthening in the mean peak latency in the VEP. In contrast, 75% of rats receiving radiation
followed by ramipril had VEPs that resembled those of control unirradiated rats. Moreover,
histological analyses of the tissue removed from rats receiving radiation followed by
ramipril revealed essentially normal optic nerves, while there was significant demyelination
in both optic nerves of the irradiated rats. Thus, these findings indicate that ramipril can
mitigate radiation-induced optic neuropathy.

Additional studies focused on determining the optimum dose and time of administration of
ramipril [102]. Varying the dose administered from 0.5, 1.0 or 1.5 mg/kg for 6 months
starting from 2 weeks after irradiation revealed a reduction in the effectiveness of ramipril to
decrease the incidence of severe necrosis; a dose of 0.5 mg/kg failed to mitigate this
morbidity. Moreover, delaying the start of ramipril administration until 4 weeks after
irradiation failed to prevent the radiation-induced increase in VEP. These results suggest that
effective mitigation of radiation-induced brain injury with ramipril necessitates early
administration of the drug. Ryu et al [102] also noted that administering the AT{RA,
losartan, 20 mg/kg, again starting 2 weeks after irradiation, did not mitigate the radiation-
induced optic neuropathy. It was suggested that this might reflect the low drug dose and
subsequent low availability. However, they noted that losartan similarly failed to protect
mouse skin against radiation-induced injury.

Our more recent findings do support a role for AT;RAs in protecting against radiation-
induced cognitive impairment. As noted above, fWBI (40 Gy in 4 weeks, 2 fractions of 5
Gy/week) of the young adult male F344 x Brown Norway rat leads to a chronic, progressive
reduction in cognitive function [37;103]. Administration of the AT;RA, L-158,809 (20 mg/
L drinking water), starting 3 days before, during, and for 28 or 54 weeks postirradiation,
prevented the radiation-induced cognitive impairment observed 26 and 52 weeks
postirradiation [104]. Chronic administration of L-158,809 was associated with significant
increases in systemic levels of Ang I, Ang Il, and Ang-(1-7), consistent with previous
observations of effective AT1R blockade [72] and indicative of loss of the RAS feedback
mechanism [105]. Thus, long-term AT4R blockade with L-158,809 appears to prevent
radiation-induced cognitive impairment. Continued RAS blockade may not be required.
Giving L-158,809 before, during, and for only 5 weeks postirradiation ameliorated the
cognitive impairment observed at 26 weeks postirradiation, suggesting that AT;R-mediated
prevention/amelioration of radiation-induced cognitive impairment may require
administration of the drug before, during, and perhaps for only 5 weeks after f\WBI [104].
However, additional studies are required to confirm these provocative findings.

We have extended these observations to show that RAS blockade using the ACEI ramipril
can similarly prevent fWBI-induced cognitive impairment (Lee et al, unpublished
observations). Administering ramipril (15 mg/kg) in the drinking water starting 3 days
before, during, and for 28 weeks after f\WBI of young adult male F344 rats prevented the
radiation-induced decrease in cognitive function observed 26 weeks postirradiation. Chronic
ACE inhibition was associated with marked increases in plasma levels of Ang | and Ang-(1-
7), again inferring effective RAS blockade. Thus, RAS blockade with either ACEIs or
AT{RAs appears effective at treating radiation-induced brain injury. However, the
mechanisms involved are unclear.

Conner et al tested whether the cognitive benefits of L-158,809 were associated with
amelioration of the sustained neuroinflammation and changes in neurogenesis resulting from
fWBI [106]. In rats examined at 28 and 54 weeks after f\WBI, L-158,809 treatment did not
alter the effects of radiation on the number and activation of microglia in the perirhinal
cortex and hippocampus, nor did it prevent the radiation-induced decrease in proliferating
cells and immature neurons in the hippocampus. These findings suggest that L-158,809 does
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not prevent or ameliorate radiation-induced cognitive impairment by modulation of chronic
inflammatory mechanisms, but rather may reduce radiation-induced changes that occur
earlier and that lead to cognitive dysfunction.

This interpretation may not be applicable to the ACEI ramipril. Analysis of radiation-
induced changes in the number of total and activated microglia in the DG of F344 rats
treated with f\WBI w/wo ramipril indicate that the ramipril-mediated prevention of the
radiation-induced cognitive impairment is associated with prevention of the radiation-
induced activation of microglia 28 weeks postirradiation (Lee et al, unpublished
observations). It is unclear if this difference in the ability of L-158,809 and ramipril to
modulate radiation-induced neuroinflammation represents differences in specific biological
mechanisms and/or signaling pathways. Nevertheless, these findings clearly indicate that the
development of radiation-induced cognitive impairment and its modulation by RAS blockers
involves multiple and complex mechanisms that are the focus of ongoing investigations.

THE MECHANISTIC BASIS FOR RAS BLOCKER-MEDIATED MODULATION
OF RADIATION-INDUCED BRAIN INJURY

The ability of RAS blockers to prevent/ameliorate radiation-induced brain injury, including
cognitive impairment, in the absence of any data indicative of activation of the systemic
RAS led to the hypothesis that the blockers are acting via inhibition of Ang Il produced
within the irradiated brain [98]. Ang Il is increasingly recognized as a potent inflammatory
peptide, mediating the release of proinflammatory mediators including adhesion molecules,
cytokines, and chemokines [107] through activation of the redox-regulated transcription
factors activating protein-1 (AP-1) and nuclear factor xB (NF«xB) [108]. Although the
proinflammatory role of Ang Il has been well studied in peripheral tissues [109], recent
studies reveal that Ang 1l and AT4R are involved in LPS-mediated microglial activation and
neuroinflammation [110]. Indeed, AT;R activity appears essential for the unrestricted
development of full-scale innate immune response in the brain [111]. Blocking the WBI-
mediated inflammatory response with a cyclo-oxygenase inhibitor partially attenuates the
decline in neurogenesis [112], although its impact on cognitive function was not explored.

Ang 1, via binding to the AT1R, enhances the production of ROS through activation of
nicotinamide adenosine dinucleotide phosphate (NADPH) oxidase [113]. NADPH oxidase
is a multisubunit enzyme localized to cell membranes and consists of membrane-bound
components (gp91Pho* and p22PhX) and cytosolic components (p47Pho%, p67PhoX and
Rac-1) that translocate to the membrane on activation. Once the multisubunit complex is
formed, superoxide (O2°7) is generated by the transfer of a single electron from NADPH to
molecular oxygen via the following reaction: NADPH + 20, — NADP* + H*+ 20,
[114]. The O5°~ anion is rapidly dismutated by superoxide dismutase to produce HoO», itself
a signaling molecule that can diffuse across membranes [115]. H,O, can also activate
NADPH oxidase to cause oxidant injury via production of additional oxidant species,
implicating the inappropriate activation of NADPH oxidase in chronic oxidative stress
[114]. ROS derived from NADPH oxidase have been implicated in a variety of chronic CNS
disorders, including Alzheimer’s disease and ischemic stroke [116]. Cell types expressing
NADPH oxidase in the brain include microglia, endothelial cells, vascular smooth muscle
cells and, to a limited extent, neurons [116;117].

Recent finding suggest that activation of NADPH oxidase may play a role in radiation-
induced oxidative stress [118]. In vitro irradiation of rat brain microvascular endothelial
cells (RBMECsS) led to increased i] intracellular ROS generation, ii] activation of NF«B, and
iii] expression of the proinflammatory mediators intercellular adhesion molecule-1
(ICAM-1) and plasminogen activator inhibitor-1 (PAI-1). Pharmacologic and genetic
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inhibition of NADPH oxidase blocked these radiation-induced changes. Irradiating
RBMECs was also associated with increased expression of NOX-4, p22P1oX and p67Pox at
both the mRNA and protein level, providing a mechanism for continual NADPH oxidase
activation and chronic ROS production. Collectively, these data suggest a putative role for
NADPH oxidase in the development and progression of radiation-induced brain injury and a
mechanism whereby RAS blockers might act to prevent/ameliorate this morbidity through
inhibition of NADPH oxidase-mediated oxidative stress/inflammation.

Thus, both Ang Il and IR mediate their biological effects through generation of ROS, either
by direct actions of the peptide, or indirectly through activation of proinflammatory
mediators that contribute to ROS generation. These findings led to the hypothesis that the
efficacy of RAS blockers to prevent/ameliorate the severity of radiation-induced brain injury
reflected inhibition of an ongoing interaction between radiation and Ang Il [98]. However,
recognition of the growing complexity of the RAS as well as the functional relevance of
novel Ang peptides, particularly Ang-(1-7) [119], point to a need to update this working
model.

As discussed previously, Ang-(1-7) is a novel Ang peptide recognized as playing important
physiologic roles by binding to the mas receptor [120] and counterbalancing the biological
actions of Ang Il. Ang-(1-7) is formed from Ang | or Ang Il (Figure ) by several
endopeptidases and carboxypeptidases, including ACE-2 [119]. During ACE inhibition or
AT¢R blockade, plasma Ang-(1-7) levels increase, as does cardiac ACE-2 mRNA
expression [121], suggesting that the beneficial effects of RAS blockade may be due, in part,
to a shift in the RAS from the ACE-Ang I1- ATR axis to the ACE2-Ang-(1-7)-mas receptor
axis [122].

There are data to support a similar shift in the RAS axes in the brain following long-term
RAS blockade. Analysis of RAS components in the dorsomedial medulla of male F344 rats
treated with L-158,809 for one year revealed a significant increase in ACE2 and neprilysin
gene expression compared with age-matched controls; AT1b, AT,, and mas receptor mRNA
levels were also significantly higher in the L-158,809 treated rats [73]. Thus, long-term RAS
blockade activates enzymes and receptors in the brain that would shift the balance from Ang
Il to Ang-(1-7). Of interest, preliminary studies indicate an f\WBI-induced decrease in
ACE-2 gene expression in the cortex one year postirradiation in F344 x BN male rats, which
was prevented by long-term administration of L-158,809 (Robbins et al, personal
communication). These novel, albeit preliminary findings, suggest that WBI may indeed
impact RAS component expression, leading to a decrease in the Ang 11/Ang-(1-7) balance,
resulting in a proinflammatory response in the brain and radiation-induced brain injury. In
contrast, RAS blockade would change the balance in favor of Ang-(1-7), and suppression of
the proinflammatory response. Indeed, Ang-(1-7) has been shown to increase NO release in
ischemia and to modulate COX-2 and NO related to plasticity in the amygdale [95;96].
Along with studies of effects of Ang-(1-7) in the periphery to reduce NFkB and NADPH
oxidase activation [123;124], Ang-(1-7) would be expected to counteract the above
mentioned pro-inflammatory and pro-oxidative stress actions of Ang Il. However, defining
the putative role of Ang-(1-7) in the treatment of radiation-induced brain injury and its role
as a modulator of inflammation or oxidative stress for the RAS blocker-mediated prevention
of radiation-induced cognitive impairment, will require additional experimental
investigation.

SUMMARY

Administration of ACEIs and ATRAs, drugs that target the intrinsic RAS, appear effective
in preventing/ameliorating radiation-induced brain injury, including cognitive impairment.

Curr Drug Targets. Author manuscript; available in PMC 2011 November 1.
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Both types of drugs are 1] routinely prescribed for treatment of hypertension [125], 2] well-
tolerated, and 3] exhibit antitumor effects, including inhibition of angiogenesis and
proliferation [126]. Thus, they appear to be ideal drugs for translational clinical trials.
However, there is a need for experimental studies aimed at addressing a number of
important and unresolved mechanistic questions, including: 1] how does RAS blockade lead
to prevention/amelioration of radiation-induced brain injury? 2] Will combined therapies
with ACEIs and AT{RAs or renin inhibitors be more effective than the single RAS blockers
alone? 3] Is Ang(1-7) the primary Ang peptide in RAS blocker-mediated treatment of
radiation-induced brain injury? 4] What signaling pathways mediate the beneficial effects of
Ang-(1-7) versus the detrimental effects of Ang I1? Answering these important questions
will generate the data required to successfully translate these exciting preclinical
observations into future clinical trials, thereby offering the promise of improving the QOL
of brain tumor patients who receive fWBI.
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Fig 1.

Summary of various pathways and sources hypothesized to exist for the generation of Ang
peptides. From left to right - An intracellular, renin-dependent pathway is well documented
in paraventricular nucleus, nucleus of the solitary tract and rostroventrolateral medulla, that
may mediate formation of both angiotensin (Ang) 1l and Ang-(1-7) involved in stress
responses and regulation of arterial pressure. Ang-(1-12) is thought to be extracellular,
contributing to hypertension and impairment of Baroreflex function in (mRen2)27 rats, but
may not play a role in normal animals. Angiotensinogen of glial origin is the predominant
source of the precursor protein in brain (~90%), but whether angiotensin peptide processing
represents an intracellular or extracellular event is not known. ACE, angiotensin converting
enzyme; ACE2, angiotensin converting enzyme 2; NEP, neprilysin; AT, Ang Il type 1
receptor; Mas, Ang-(1-7) receptor.
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Fig 2.

Proposed signaling pathways involved in the opposing actions of Ang Il versus Ang-(1-7).
Generation of Ang Il by converting enzyme (ACE) from Ang | dervided from either renin-
dependent or independent [Ang-(1-12)] pathways. Ang Il acts on AT receptors to activate
kinase pathways associated with increases in reactive oxygen species (ROS) and
inflammation. ACE2 can cleave Ang Il to form Ang-(1-7). Either mas activation via Ang-
(1-7) or AT, activation via Ang Il have been linked to protective prostanoids (PGS) or nitric
oxide (NO) in addition to phosphatases know to counterbalance kinase activity.
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