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ABSTRACT 
 
 

Sriram Ramanan 
 

THE ANTI-INFLAMMATORY AND PRO-NEUROGENIC ROLE OF PPARα IN 
MODULATING RADIATION-INDUCED BRAIN INJURY 

 
Dissertation under the direction of Mike E. Robbins, Ph.D., Professor and Section Head 

of Radiation Biology, Department of Radiation Oncology 
 
 

Whole-brain irradiation (WBI) can lead to cognitive impairment several months to 

years after irradiation.  At present, there are neither long-term treatments nor any 

preventive strategies for this significant radiation-induced late-effect.  Previous studies 

indicate that WBI leads to impairments in hippocampal-dependent spatial learning and 

memory that are associated with neuro-inflammation characterized by an increase in the 

number of activated microglia.  Preserving hippocampal neurogenesis and inhibiting 

microglial activation following WBI represent key strategies to minimize WBI-induced 

morbidity.  Peroxisomal proliferator-activated receptors (PPARs) are ligand-activated 

transcription factors that possess anti-inflammatory properties.  We hypothesize that 

activation of PPARα will prevent radiation-induced brain injury, in part, by inhibiting the 

radiation-induced inflammatory responses in the microglia and by preventing the WBI-

induced decrease in hippocampal neurogenesis.  

For our in vitro studies, we hypothesized that pre-treatment with PPARα agonists 

would ameliorate the pro-inflammatory responses seen in the microglia following 

irradiation.  Irradiating BV-2 cells (a murine microglial cell line) with single doses (2-10 

Gy) of 137Cs γ-rays lead to increases in 1] the gene expression of IL-1β and TNFα, 2] 

Cox-2 protein levels and 3] intracellular ROS generation.  In addition, an increase in the 
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DNA-binding activity of the redox-regulated pro-inflammatory transcription factors AP-1 

and NF-κB was observed.  Pre-treating BV-2 cells with the PPARα agonists, GW7647 

and Fenofibrate significantly inhibited the radiation-induced microglial pro-inflammatory 

response, in part, via decreasing i] the nuclear translocation of the NF-κB p65 subunit and 

ii] phosphorylation of the c-jun subunit of AP-1 in the nucleus.  Taken together, these 

data support the hypothesis that activation of PPARα can modulate the radiation-induced 

microglial pro-inflammatory response in vitro. 

In order to determine whether PPARα activation can prevent/modulate radiation-

induced brain injury in vivo, we hypothesized that the PPARα agonist, fenofibrate, would 

prevent the WBI-mediated decrease in hippocampal neurogenesis, in part, by inhibiting 

microglial activation.  WBI (10 Gy of 137Cs γ rays) of 129S1/SvImJ wild-type (WT) mice 

lead to a significant decrease in the number of newborn hippocampal neurons (BrdU+/ 

NeuN+) 2 months post-WBI.  Fenofibrate prevented this WBI-mediated decrease in 

neurogenesis by promoting the survival of newborn cells in the granule cell layer/sub-

granular zone.  The improved neurogenesis following fenofibrate treatment was 

associated with decreased microglial activation in the dentate gyrus following WBI. 

Moreover, the neuroprotective effects of fenofibrate were abolished in PPARα knock-out 

mice, indicating a PPARα-dependent mechanism(s).  These data highlight a novel role 

for PPARα ligands in improving neurogenesis following WBI, and offer the promise of 

improving the quality of life for brain cancer patients receiving radiotherapy. 
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CHAPTER I 

GENERAL INTRODUCTION 
 
 

I.1 Brain Metastases: Treatment and Management 
 

 Of the ~ 1.5 million new cancer patients estimated in the U.S in 2009, up to 30% 

will develop brain metastases [1,2].  The incidence of brain metastases is increasing as a 

result of an aging population, longer survival of cancer patients due to better treatment of 

systemic disease, and advancements in imaging modalities that allow detection of smaller 

metastases in asymptomatic patients[3].  About 50% of all brain metastases arise out of 

lung cancer, followed by breast (15% -20%), unknown primary (10%-15%) and 

melanoma (10%-15%)[3,4].  While multiple metastases are observed in lung cancer and 

melanoma patients, breast, colon and renal cell carcinoma patients tend to present with 

solitary metastases[5].  

 Patients with brain metastases have a poor prognosis; median survival is 1 month 

without treatment [6].  With treatment, the overall median survival is 4-6 months [7].  

The treatment modalities for brain metastases include neurosurgery, whole-brain 

irradiation (WBI) and stereotactic radiosurgery (SRS).  Surgical resection is a treatment 

option for patients with a favorable prognosis, minimal extracranial disease and 

surgically assessable metastases [8].  SRS is used to treat patients with 1-3 metastases 

and with deep-seated surgically inaccessible lesions [3,7].  The use of adjuvant WBI 

following resection or SRS has improved local tumor control and decreased neurologic 

death [9].  Since ~70% of the patients present with multiple brain metastases [10], WBI is 

considered the primary mode of treatment [3,7].  WBI has been shown to decrease the 
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recurrence rate of metastases and prevent death from neurological causes [11].  In 

randomized control trials conducted by the Radiation Therapy Oncology Group (RTOG), 

complete or partial responses have been documented in over 60% of WBI patients [3]. 

Unlike neurosurgery or SRS, WBI is more effective since it treats both gross and 

microscopic lesions [7]. Currently, in the US, the most common WBI regimens utilize 

either 30 Gy in ten 3 Gy fractions over 2 weeks or 37.5 Gy in fifteen 2.5 Gy fractions 

over 3 weeks [12]. 

 Since WBI has been associated with long-term neurotoxicity, several studies have 

examined the effect of administering SRS alone or in combination with WBI [3].  Three 

randomized control trials demonstrate that the patients who received WBI+SRS had 

significantly better local tumor control and higher 6-month freedom from new brain 

metastases [3].  In addition, several retrospective analyses suggest that in patients 

completely cured of extracranial disease, omission or delay of WBI might result in failure 

to control the intracranial disease which would be detrimental to their survival [3].  Also, 

better control of intracranial tumor burden by WBI is associated with stabilization and 

improvement of executive function and fine motor coordination in patients [13].  

Therefore, WBI remains the primary mode of treatment for multiple brain metastases. 

 
 
I.2 Radiation-Induced Brain Injury 
 
 One of the current problems of using WBI to treat brain metastases is that in 

addition to the tumor cells, the normal brain is also irradiated. The total dose of radiation 

therapy that can be administered safely to the brains of patients is limited by the risk of 

normal brain morbidity.  Classically, based on time of expression, radiation-induced brain 
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injury has been subdivided into acute, early delayed and late delayed responses [14].  

Acute injury is expressed days to weeks after irradiation and is often characterized by 

drowsiness, vomiting, headache and nausea.  This type of injury can be treated with 

corticosteroids and is fairly rare under current radiotherapy regimens.  Early delayed 

injury typically occurs from 1 to 6 months post-radiation therapy and can involve 

transient demyelination, fatigability and somnolence.  While both these early injuries can 

result in severe reactions, they are normally reversible and resolve spontaneously.  In 

sharp contrast, late delayed effects, distinguished by demyelination, vascular 

abnormalities and ultimate white matter necrosis are observed > 6 months postirradiation 

and are usually irreversible and progressive [15].  In addition to these histopathologic 

endpoints, intellectual deterioration is also seen in patients receiving brain irradiation 

[16].  Data suggest that 20-50% of brain tumor patients who are long-term survivors 

suffer from a progressive cognitive dysfunction, ranging from mild lassitude to 

significant memory loss and severe dementia [17-21].  More importantly, in both clinical 

and pre-clinical models, the cognitive impairment has been shown to occur in the absence 

of gross histopathological changes [22] [23].  At present, there are no successful long-

term treatments or preventive strategies for radiation-induced brain injury[24].   

 Relatively few studies have explored strategies to prevent or treat cognitive 

deficits in patients with brain cancer compared to other CNS disorders.  Not surprisingly, 

current therapies for radiation-induced cognitive impairment have been based on 

treatments effective in diseases such as Alzheimer’s’ disease.  Two phase II clinical trials 

investigated donepezil (acetylcholine esterase inhibitor; AraceptTM) and ginkgo biloba for 

the treatment of cognitive impairment in irradiated adult brain cancer patients.  In patients 
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who completed the 24-week study, significant improvements were seen in QOL, mood 

and cognitive function (improved attention, concentration and memory) with both agents.  

Also, ginkgo biloba patients had significant improvement in executive function [25] [26]. 

Similar results were observed when Vitamin E was administered to patients with 

temporal lobe radionecrosis for 1 year [27].  

 In addition to pharmacological approaches, researchers are currently investigating 

ways to modify the delivery of WBI to minimize neurotoxicity.  One such approach 

involves conformal avoidance of the hippocampus [28], a brain structure that is important 

for learning and memory.  A region of the hippocampus called the dentate gyrus (DG) is 

one of the sites in humans where active neurogenesis occurs throughout adulthood [29].  

Proliferating neuronal precursor cells reside in the section of the DG known as the sub-

granular zone (SGZ).  Patients receiving WBI often present with deficits in hippocampal-

dependent learning and memory, including spatial information processing [30, 31, 32], 

hypothesized to reflect the marked radiosensitivity of neural precursor cells [33].  Thus, 

irradiating the hippocampus leads to depletion of cells required for neurogenesis, 

especially for the memory domains [33] [34].  Since only 3 % of brain metastases are 

distributed within 5 mm of the hippocampus, conformal avoidance is unlikely to result in 

loss of tumor control for metastases found in or close to this region [35].  Nevertheless, 

whether hippocampal avoidance can delay the time to neuro-cognitive decline is not 

known at present.  In addition, cognitive impairment following WBI can be both 

hippocampal-dependent and independent.  For instance, patients receiving WBI have 

deficits in executive function, a prefrontal cortex-dependent cognitive function [36].  
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Conventionally, late effects were thought to be the consequence of a reduction in 

the number of surviving clonogens of either the parenchymal or the vascular target cell 

populations [14] [37].  Radiation-induced late normal tissue injury was considered to be 

inevitable, progressive and untreatable.  However, recent data suggest that this view is 

over-simplistic and that radiation-injury involves complex, intercellular and intracellular 

interactions between various cell types [14] [38-41] (in the brain these include astrocytes, 

microglia, neurons etc.) within an organ and can be modulated [15].  These cells are no 

longer passive bystanders merely dying as they attempt to divide but are active 

participants in an orchestrated, biological response.  In general, irradiating late 

responding normal tissues, apart from inducing a certain amount of acute cell death, 

activates a number of biochemical and molecular signal cascades characterized by 

activation of stress-sensitive kinases and transcription factors [42] [43].  This signal 

transduction initiates downstream reactive processes marked by a persistent oxidative 

stress and cytokine production ultimately contributing to tissue injury.  This new 

paradigm suggests that radiation-injury can be modulated therapeutically by altering the 

steps in the cascade of events leading to the clinical expression of normal tissue injury.  

However, details of the molecular, cellular, and biochemical processes responsible for the 

expression and progression of radiation-induced brain injury, including cognitive 

impairment, remain unclear.   
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I.3 WBI and Neurogenesis: Effect of Oxidative Stress and Brain Inflammation  

 As mentioned earlier, the hippocampus is one of the neurogenic regions in the 

human.  Neurogenesis is a complex process that starts with proliferation of the progenitor 

cells in the SGZ, followed by commitment to a neuronal phenotype, physiological and 

morphological maturation with the development of functional neuronal properties and 

ending with the integration of a functional neuron into the GCL [44].  Several 

experimental findings suggest that the detrimental effect of WBI on adult hippocampal 

neurogenesis is a key contributing factor to radiation-induced cognitive impairment.  In 

vitro, irradiation leads to a loss of proliferative capacity of the neuronal precursor cells 

[45].  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 [34] [45] [46].  As 

mentioned in the previous section, the WBI-induced decrease in neurogenesis is 

associated with deficits in hippocampal-dependent learning and memory [30].  Direct 

experimental evidence supports the idea that the radiation-induced decrease in 

hippocampal neurogenesis is associated with an altered brain microenvironment 

characterized by oxidative stress and neuroinflammation (described below in detail).  

 Several studies suggest that radiation-induced brain injury is driven, in part, by 

increased oxidative stress and/or inflammation [47,48] . Oxidative stress results from an 

imbalance between the levels of reactive oxygen species (ROS) and the body’s anti-

oxidant defenses that help to detoxify the reactive intermediates from damaging the cells 

and tissues.  ROS refers to both free radicals [superoxide (O2
.-), nitric oxide (NO.) and 

hydroxyl radical (OH.)] and molecular species, such as hydrogen peroxide (H2O2) and 

peroxynitrite (ONOO-).  While moderate levels of ROS are important for cellular 
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functions and metabolism, excessive amounts can lead to tissue injury [48].  The brain is 

highly susceptible to oxidative insults because it: 1) consumes 20% of the total oxygen in 

the body leading to increased mitochondrial superoxide and other ROS [49]; 2) has high 

levels of iron which have been associated with free radical injury [50]; 3) has low levels 

of anti-oxidant enzymes such as catalase [51], MnSOD and glutathione peroxidase [52]
 

and relatively low levels of other antioxidants especially in endothelial cells, neurons and 

oligodendrocytes, and 4) has high content of unsaturated fatty acids such as 

docosahexaenoic acid which can be subjected to peroxidation by ROS [53].  Consistent 

with this, recent studies have obtained direct experimental evidence for radiation-induced 

oxidative/nitrosative stress in the mouse and rat brain.  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 lead to time-dependent increases in nitrotyrosine in the sub-ventricular zone (SVZ) 

and the GCL 2-12 h postirradiation [54].  WBI of the mouse brain with a single dose of 6 

Gy lead to a significant increase in 4-hydroxynonenal and 8-hydroxy-2’-deoxyguanosine 

1 month post-irradiation in the DG and hilus of the hippocampus [55].  In addition to 

their direct damaging effects on the DNA, lipids and proteins, ROS can act as second 

messengers to initiate neuroinflammation [56].  

 Although the brain has been traditionally considered to be immune-privileged, it 

is widely accepted now that the brain does exhibit inflammation [57].  An acute 

molecular response characterized by increased expression of inflammatory 

cytokines/mediators such as tumor necrosis factor alpha (TNFα), interleukin 1 beta (IL-

1β), intracellular adhesion molecule-1 (ICAM-1), cyclooxygenase-2 (Cox-2), and 

activation of transcription factors such as nuclear factor kappa B (NF-κB) is observed 
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within hours of irradiating the rodent brain [58] [59]. In addition, a chronic elevation of 

TNFα has been observed in the mouse brain up to 6 months postirradiation [60]. 

 One of the key mediators of neuroinflammation are the microglia [61].  They are 

the immune cells of the brain, representing about 12 % of the total cells in the CNS [62].  

In the adult brain, the microglia exist as cells with an elongated soma bearing processes 

extending from both poles of the cell, the ramified or resting microglia [63].  During 

early development, amoeboid cells of mesodermal origin invade the brain, function as 

phagocytes in neural tissue maturation and subsequently acquire a ramified morphology 

[63].  Ramified microglia are not passive but rather actively survey and maintain a 

homeostatic environment in the CNS.  Their density is highest in the hippocampus, 

olfactory telencephelon, basal ganglia and substantia nigra [64].  They possess receptors 

for fractalkine, a neuronal chemokine that signals to ensure normal CNS activity [65] 

[66]
 
and for adenosine triphosphate (ATP), an important neurotransmitter that regulates 

the morphology and proliferation of glial cells following brain injury [67].  In addition 

microglial cells secrete neurotrophic factors such as neuronal growth factor (NGF) which 

promote neuronal survival [65].  However, following brain injury, the microglial cells 

become activated, a change characterized by retraction of cell processes, rounding of cell 

body, proliferation, upregulation of surface molecules, cytokines, ROS/RNOS and 

chemokines [56] [63].  Microglial activation plays an important role in phagocytosis of 

dead cells in the CNS, but protracted activation leads to a sustained inflammatory status, 

and has been implicated in acute and chronic neurodegenerative diseases, as well as 

radiation-induced brain injury [68] [69]. 
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 In vitro studies suggest that irradiating microglia leads to a marked increase in 

expression of proinflammatory genes including TNFα, IL-1β, IL-6, and Cox-2 [70,71] 

[72].  Radiation-induced expression of microglial TNFα and IL-1β has been shown to 

enhance ICAM-1 expression in nonirradiated astrocytes [70].  More importantly, animal 

studies and human tissue sample analysis suggest that the detrimental effect of WBI on 

hippocampal neurogenesis and cognitive function is associated with a significant increase 

in microglial activation [34] [45] [73].  Further, administration of the anti-inflammatory 

drug indomethacin decreased radiation-induced microglial activation and partially 

restored neurogenesis [74].  Together, these data suggest that altered neurogenesis as a 

result of oxidative stress and/or neuroinflammation is one of the mechanisms of 

radiation-induced brain injury. Thus, anti-inflammatory strategies might be useful in 

preventing radiation-induced late effects in the brain.  

 
I.4. Peroxisomal Proliferator-activated Receptors (PPARs) 
 
 PPARs are ligand-activated transcription factors that belong to the steroid/thyroid 

hormone superfamily of nuclear receptors [75] [76].  They regulate gene transcription by 

heterodimerizing with the retinoid X receptor (RXR) and binding to specific consensus 

sequences termed PPAR response elements (PPREs) in the enhancer regions of genes 

[77].  PPREs consist of a direct repeat (DR) of the nuclear receptor hexameric 

recognition sequence AGGTCA separated by one or two nucleotides (DR-1 or DR-2) 

[77].  To date, three PPAR isotypes have been identified- PPARα (NR1C1), PPARβ 

(NR1C2 or PPARδ) and PPARγ (NR1C3) [78].  Each is encoded by a separate gene and 

each has a unique tissue distribution pattern [79] [80].  The protein structure of the PPAR 

isotypes reveals two well-characterized domains- a highly conserved DNA binding 
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domain and a ligand-binding domain (LBD) that is less well conserved across the 

subtypes.  Variation in the sequence of amino acids that line the ligand-binding pocket is 

a major determinant of ligand isotype specificity [81] [82].  In the absence of ligand 

binding, PPAR-RXR heterodimers are bound to co-repressor proteins such as HDACs 

and N-CoRs that maintain the chromatin in the condensed state and inhibit transcriptional 

apparatus from assembling.  Upon ligand binding, PPARs undergo a conformational 

change which leads to dissociation of the co-repressor proteins.  Subsequently, the 

ligand-bound PPARs complex with co-activator proteins such as p300 leading to 

nucleosome remodeling and transcriptional pre-initiation complex assembly on target 

gene promoters [81-83].  The transcriptional response is strongly influenced by the 

structure of the promoter and the expression levels of co-activators and co-repressors in a 

given cell-type [83]. 

 PPARα is predominantly expressed in tissues that catabolize high amounts of 

fatty acids such as the liver, skeletal muscle and heart, and regulates many metabolic 

pathways, including activation of fatty acid β-oxidation and apolipoprotein expression 

[84-86].  Natural ligands such as eicosanoids, mono and polyunsaturated fatty acids and 

long-chain fatty acyl-CoenzymeA can bind and activate PPARα [81-83].  Hypolipidemic 

fibrate drugs that are routinely prescribed to patients for lowering triglyceride and 

cholesterol levels have been demonstrated to be synthetic ligands of PPARα [87] [88]. 

 PPARγ is most abundantly expressed in fat cells, large intestine and cells of the 

monocyte lineage. It is primarily involved in the general transcriptional control of 

adipocyte differentiation, immune responses and glucose homeostasis [89] [90].  PPARγ 

exists as two distinct forms, γ1 and γ2, which arise by differential transcription start sites 
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and alternative splicing [91].  Whereas PPARγ1 is low in most tissues, PPARγ2 is fat-

selective and is expressed at very high levels in adipose tissue [90].  PPARγ is bound and 

activated by several naturally occurring compounds, such as the eicosanoids 9- and 13-

hydroxyoctadecadienoic acids [82].  Several high affinity synthetic PPARγ  agonists have 

been synthesized, including the thiazolidinedione (TZD) class of compounds [92], which 

are used clinically as insulin sensitizers in patients with type 2 diabetes [93] and certain 

non-steroidal anti-inflammatory drugs [94].  

 Unlike the PPARα and PPARγ isotypes, the expression of PPARδ appears to be 

ubiquitous.  Ligands of PPARδ include fatty acids such as bromopalmitate [95] and the 

prostanoid prostacyclin PGI2 [96].  Studies suggest key roles for PPARδ in proliferation 

[97], differentiation, survival, as well as in embryonic development and lipid metabolism 

in peripheral tissues [97].  More recently, PPARδ agonists have been shown to enhance 

oligodendrocyte maturation and differentiation [98].  Mice that are knocked-out for 

PPARδ have reduced myelination in some parts of the brain suggesting a role for PPARδ 

in myelination [99]. 

 
I.5. PPARs and Inflammation 
 

In recent years much attention has been focused on the role of PPARs in 

inflammation [76] [100] [101].  PPARα-deficient mice show an exacerbated response to 

inflammatory stimuli such as lipopolysacharide (LPS) and Leukotriene B4 [102] [103]. 

Administration of the PPARα agonists, fibrates, to patients with a moderate 

hyperlipidemia decreased plasma concentrations of IL-6, TNF-α, interferon-γ (IFNγ), 

fibrinogen, and C-reactive protein [104] [105].  In the liver, fibrates repress fibrinogen 

expression via PPARα, due to inhibition of the C/EBP β pathway through an interaction 
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of the coactivator glucocorticoid receptor-interacting protein 1 with PPARα [106].  

PPARα can also repress the pathways of redox-regulated inflammatory transcription 

factors NF-κB and AP-1, by negatively interfering with NF-κB transcriptional activity, 

induction of the inhibitor protein of NF-κB, IκBα [107] and by directly interacting with 

the AP-1 subunit c-Jun [104].  PPARα ligands can also repress TNFα in T lymphocytes 

and macrophages [108].  In the brain, the PPARα agonist fenofibrate enhanced 

expression of anti-oxidant enzymes such as catalase and MnSOD and this phenomenon 

was not observed in PPARα knockout mice implying a PPAR-dependent activity of this 

agonist [109].  

 Similar downregulation of the inflammatory response has been observed after 

treatment with various PPARγ agonists in a number of cell types such as macrophages 

[110] and vascular smooth muscle cells [111]..  
 
PPARγ activation appears beneficial in 

the treatment of atherosclerosis [112], diabetic nephropathy and colonic inflammation.  

Mechanisms by which PPARγ can inhibit the inflammatory response include: 1] 

interference with the NF-κB and AP-1 pathways via a physical interference with p50 

[111], p65 [113], c-Jun [114], and repression of c-Jun expression [102]
 
and 2] 

downregulation of NF-κB, AP-1, and STAT-1-mediated transcription of proinflammatory 

genes via transrepression by competing for transcriptional coactivators [114] [102].  

PPARγ agonists also increase levels of Cu/Zn-SOD [115] and catalase[116]
 
in cultured 

endothelial cells, suggesting an additional mechanism whereby PPARγ might exert 

protective effects within the vasculature. 

 Activation of PPARδ has also been shown to downregulate the inflammatory 

response in several cell types, including macrophages [117], endothelial cells [118], and 
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cardiomyocytes [119].  Currently, no PPARδ agonists are being used to treat patients. 

However, pre-clinical studies have demonstrated the efficacy of PPARδ ligands in 

suppressing atherosclerosis [120] and protecting against acute ischemic renal failure 

[121].  Mechanisms by which PPARδ activation may regulate inflammatory processes 

include, i] relocation of the transcription repressor, BCL-6, from PPARδ to the promoter 

regions of inflammatory genes with resultant inhibition of transcription [122], ii] 

inhibition of ROS generation, iii] upregulation of antioxidant enzymes [118], and iv] 

inhibition of STAT-3 transcriptional activity [123]. 

 
I.6. PPARs in the Central Nervous System  

All PPAR isotypes have been identified in the rodent brain.  However, the degree 

of expression and specific localization varies among the different receptors.  PPARδ 

appears to be expressed ubiquitously in all regions of the brain [79], primarily in 

oligodendrocytes and neurons [124]
 
and to a lesser extent in astrocytes [79].  In the spinal 

cord white matter, expression is localized to oligodendrocytes [125].  PPARα expression 

in the brain appears limited to the olfactory bulbs, hippocampus and cerebellum, 

primarily in cerebellar granule neurons (CGN) [80] and astroglia.  In the spinal cord 

white matter, expression of PPARα is localized to astrocytes [125].  PPARγ has been 

observed, albeit at relatively low levels, in the hippocampus, cerebellum, as well as in 

cortical astrocytes and CGN [79].  Moreover, all three PPAR isoforms are expressed in 

the microglia [126].  

 A growing body of evidence suggests that PPARs play an anti-inflammatory/ 

neuroprotective role in the CNS [126] [127].  In vitro, TZDs have been reported to 

protect retinal ganglion cells and CGN from neurotoxic insults [128-130]. PPARα and γ 
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agonists inhibit LPS-induced TNFα, IL-1β and iNOS production in microglia [131,132].  

In vivo, PPARγ and δ agonists have neuroprotective effects in animal models of 

experimental autoimmune encephalomyelitis (EAE) [133-135], Parkinson’s disease [136] 

and Alzheimer’s disease [137].  With reference to radiation-induced brain injury, 

administration of the PPARγ agonist, Pioglitazone, significantly mitigated WBI-induced 

cognitive impairment in rats [138]. 

 Although studies have shown chronic administration of PPARα agonists to be 

anti-inflammatory and neuroprotective in preclinical models of Parkinson’s disease [139], 

stroke [140]
 
and EAE [141], the role of PPARα in radiation-induced brain injury is 

unknown.  Given that neuroinflammation is one of the primary mechanisms believed to 

contribute to the impaired neurogenesis following WBI, we hypothesize that activation 

of PPARα will ameliorate the development and progression of radiation-induced brain 

injury, in part, by inhibiting microglial activation and preserving hippocampal 

neurogenesis.  
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CHAPTER II 

 
MATERIALS AND METHODS 

 
 

  Cell culture and reagents: The immortalized BV-2 murine microglial cell line was 

cultured in high glucose DMEM (Invitrogen, Carlsbad, CA) containing 5% fetal bovine 

serum (Sigma-Aldrich, St. Louis, MO), 2 mM L-glutamine, 100 IU/mL penicillin and 

100 mg/mL streptomycin.  These cells display phenotypic and functional properties of 

reactive microglial cells and resemble non-activated primary microglial cells [1].  Cells 

were maintained at 37ºC with 10% CO2/ 90% air mixture and the culture medium was 

replaced with serum-free media 24 h prior to irradiation.  The PPARα agonists GW7647 

and Fenofibrate were purchased from Sigma-Aldrich.  The JNK inhibitor, SP 600125, the 

NF-κB inhibitors Bay-117082 and 6-Amino-4-(4-phenoxyphenylethylamino) quinazoline 

were purchased from Calbiochem (EMD Biosciences, La Jolla, CA).  All drugs were 

dissolved in Me2SO4 (DMSO); for some experiments, Fenofibrate was dissolved in N, N-

Dimethyl formamide (DMF).  Goat anti-Cox-2 was purchased from Santa Cruz 

Biotechnologies (Santa Cruz, CA).  Rabbit anti-p65 was purchased from Cell Signaling 

(Danvers, MA).  

 

  Irradiation: Cells were irradiated using a 137Cs irradiator (J.L. Shepherd and 

Associates, San Fernando, CA) at a dose rate of ~ 4.0 Gy/min.  All irradiations were 

performed at room temperature; control cells received sham-irradiation.  After irradiation, 

the culture dishes were returned to the incubator and maintained at 37ºC in a 10% 

CO2/90% air mixture.  
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  Measurement of intracellular ROS generation:  2′7′-dichlorofluorescein diacetate 

(DCFH-DA) was used as an indicator of intracellular formation of ROS as described 

previously [2].  DCFH-DA is a cell-permeant probe that enters the cell followed by 

cleavage of the diacetate molecules by cellular esterases.  The probe becomes fluorescent 

when it is oxidized in cells by ROS.  In brief, BV-2 cells were plated onto 24-well plates 

at a density of 45,000 cells/well.  Twenty four hours after plating, cells were washed 

twice with 1X PBS+ (1X PBS with 0.14 g/L CaCl2 and 0.1 g/L of MgCl2) and 

subsequently incubated in PBS+ containing 10 μM DCFH-DA (Invitrogen, 

CA/Molecular Probes, Eugene, OR) for 45 min.  The cells were rinsed twice with 1X 

PBS+ to wash off the probe and then treated with a single dose of 2, 4, 6, 8 or 10 Gy of 

137Cs γ rays ; controls were sham-irradiated.  As a positive control, cells were treated with 

either 100 μM or 1 mM H2O2 for 1 h prior to fluorescence measurement.  ROS generation 

was measured 1 h post-irradiation as relative fluorescent intensity using a FLUOstar 

OPTIMA multimodal plate reader (BMG LabTech, Germany) at excitation wavelength 

485 nm and emission wavelength 530nm.  Ten μM of carboxy-DCFH-DA (C369, 

Invitrogen/Molecular Probes) was used as a negative control for ROS assays.  C-369 is a 

non-oxidizable fluorescent probe that does not change its fluorescence in the presence of 

ROS.  For experiments with GW7647, cells were incubated with 10 μM GW7647 or 

vehicle (DMSO) for 24 h prior to being incubated with DCFH-DA.  For experiments with 

Fenofibrate, cells were incubated with DCFH-DA for 45 min and subsequently treated 

with 100 μM Fenofibrate or vehicle (DMF) for 1 h prior to irradiation.  Irradiation and 

fluorescence measurements were carried out as outlined above.  
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  RNA isolation and Real-time qPCR: RNA was isolated from cells using Trizol 

reagent (Invitrogen) according to manufacturer’s specifications.  DNA contamination 

from RNA was removed by subjecting it to Acid-Phenol Chloroform extraction (pH 4.6, 

125:24:1, Ambion Inc., Austin, TX) followed by RQ1 DNase treatment (Promega, 

Madison, WI).  The PCR amplifications were done in 25 μL reaction volume containing 2 

μL cDNA, 12.5 μL of Platinum® Quantitative PCR SuperMix-UDG w/ROX 

(Invitrogen), unlabeled antisense primer, FAM-labeled sense primer and nuclease-free 

water.  The PCR reaction was carried out in a ABI Prism® 7000 at 50º C for 2 min, 95 º 

C for 2 min and 45 cycles of 95ºC for 15 min, 55 º C for 30 sec and 72 º C for 30 sec.  

The fold changes in gene expression of TNFα and IL-1β were calculated using the 

comparative Ct (cross threshold) method.  Briefly, the Ct of the housekeeping gene β-

actin was subtracted from the Ct of TNFα or IL-1β to get ∆ Ct.   The ∆ Ct value of sham-

irradiated sample was then subtracted from the ∆ Ct of the rest of the treatments to get the 

∆∆ Ct value.  Fold differences compared to sham-irradiated sample are obtained by 

calculating 2-∆∆Ct for each treatment group.  Data represent the Mean ± S.E.M of three 

independent experiments.  

 

  Electromobility shift assay (EMSA): Cells were lysed with cold Buffer A (10 mM 

HEPES pH 7.9, 1.5 mM MgCl2,10 mM KCl, 0.5 mM DTT) followed by homogenization 

using a Dounce homogenizer ( B type pestle).  Lysed cells were centrifuged at 12,000 

rpm for 2 min to isolate nuclei.  Nuclear protein was isolated by treating the nuclear 

pellet with Buffer C (5 mM HEPES pH 7.9, 1.5 mM MgCl2, 25% v/v Glycerol, 400 mM 

NaCl, 1 mM EDTA 0.5 mM DTT, 0.5 mM PMSF, 2 μg/mL aprotinin, 2 μg/mL leupeptin 
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and 1 mM Na3VO4) for 30 min in ice followed by centrifugation at 12000 rpm for 2 min.  

Protein concentrations were calculated using the Bradford Assay (Bio-Rad, Hercules, 

CA) by measuring the absorbance at 595 nm.  The EMSA procedure was carried out 

using the Promega Gel-Shift Core Assay System according to the manufacturer’s 

instructions.  Briefly, 10 μg of nuclear protein in sterile water were incubated with 2 μL 

of Binding Buffer (Promega) for 10 min.  Consensus NF-κB binding sequence: 5´-

AGTTGAGGGGACTTTCCCAGG C-3´and 3´-TCA ACTCCCCTGAAAGGGTCCG-

5´and AP-1 binding sequence: 5´-CGCTTGATGAGTCAGCCGGAA-3´ and  3´-

GCGAACTACTCAGTCGGCCTT-5’ were labeled with 20 μCi γ-P32 (GE Healthcare, 

Piscataway, NJ) and T4 polynucleotide kinase (Promega) and subsequently incubated 

with the nuclear protein samples for 20 min and electrophoresed on a 4% non-denaturing 

polyacrylamide gel.  The gel was subsequently stained in 7% acetic acid, washed twice 

with water, and vacuum dried (Thermo Scientific, Waltham, MA) for 20 min.  An X-ray 

film was placed on top of the dried gel and the image allowed to develop at -80º C.  The 

X-ray film was processed using a Kodak Processing System.  Films were scanned and 

densitometry was performed to quantify the intensity of the signal (Scion Image, 

Frederick, MD).  For supershift experiments, nuclear proteins were incubated with 2 μg 

of either anti-p65 or anti-c-Jun antibodies for 20 min after addition of radiolabeled 

probes.  For competition assays, 1 μL of either NF-κB or AP-1 unlabelled oligos was 

added to the nuclear extracts prior to addition of radiolabeled probes.  

 

  Luciferase assay: 8 X 104 BV-2 cells were plated on 24-well plates.  Twenty four hours 

later, cells were co-transfected with 0.2 μg of either PPRE-ACOX (consensus PPRE for 
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the rat acyl-CoA oxidase gene, a kind gift from Dr. Thomas McIntyre, Univ. of Utah) or 

control vector (pGL3, Promega) and a renilla plasmid (0.02 μg, pRL-SV40, a kind gift 

from Dr. Lee Yong Woo, Univ. of Virginia) using Effectene Reagent (Qiagen, Valencia, 

CA) according to the manufacturer’s protocol.  Transfected cells were treated after 24 h 

with either vehicle or the PPARα agonists.  Luciferase activity was then measured 24 h 

post-drug treatment using the Dual Luciferase assay kit (Promega) according to the 

manufacturer’s instructions.  The change in luciferase activity is depicted as fold change 

in luminescence calculated as RLU of firefly/RLU of renilla luciferase. 

 

  Immunoblotting: Total cellular protein extraction was carried out using M-PER reagent 

(Thermo Scientific).  Briefly, cells were washed and subsequently scraped in 1 mL of 1X 

PBS.  Cell pellets were lysed and collected using M-PER mammalian lysis buffer (Pierce 

Biotechnology, Inc. Rockford, IL) containing 1 mg/mL aprotinin, 1 mg/mL leupeptin 

(Sigma-Aldrich), and 10 mg/mL phenylmethylsulfonyl fluoride (PMSF).  Protein was 

quantified using the Bio-Rad DC protein assay kit (Bio-Rad).  Thirty to 50 μg of protein 

were separated by SDS-PAGE.  Proteins were transferred to a polyvinylidene fluoride 

(PVDF) membrane for 12–16 h at 30 V, and blocked in 5% skim milk in TBST (0.02 M 

Tris, 0.15 M NaCl, 0.05% Tween 20, pH 7.5).  Following this, membranes were 

incubated with the respective primary antibodies diluted in 2% BSA in TBST overnight.  

Proteins were visualized using the ECL detection system (GE Healthcare, NJ) after 

incubation with the respective HRP-conjugated secondary antibodies.  Films were 

scanned and densitometry was performed to quantify the intensity of the signals (Scion 
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Image).  Signal intensities were normalized using those of housekeeping gene products 

(β-actin for total cell lysates and total c-jun for nuclear protein extracts). 

 

  Statistical Analysis of in vitro data: All analyses were performed using SAS software 

(Cary, NC).  Though the sample size within each treatment group is not large, we believe 

that the distribution for the outcome measure (e.g., ratio) is normally distributed in the 

population.  Using our data, we also examined the distribution of the measures and the 

need for any transformations in order to minimize heterogeneity of variance.  As deemed 

appropriate, either one-sample t test or the analysis of variance (ANOVA) was used for 

determining statistical significance between the experimental groups.  Bonferroni and 

Tukey’s studentized range tests were used for the pair wise comparisons.  The constant 

variance assumption was tested using Levene’s test for homogeneity of variance.  If and 

when the assumption of constant variance was not valid, the Kruskal-Wallis test was 

performed.  

 

  Animals and irradiation procedures: Adult mice, 12-16 weeks old were used in these 

studies. PPARα KO mice (129S4/ScJac-Pparatm/Gonz, Jackson Laboratory, Bar Harbor, 

Maine, Stock # 003580) and their appropriate wild-type controls (129S1/SvImJ, Jackson 

Laboratory, stock # 002448) were housed in specific pathogen free conditions, five 

mice/cage with free access to drinking water and standard mouse chow (Harlan Teklad, 

Madison, WI).  All animal handling and experiments were performed in strict accordance 

with the Declaration of Helsinki and the NIH Guide for Care and Use of Laboratory 

Animals as approved by the WFUSM Institutional Animal Care and Use Committee.  
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Mice were randomly divided into 4 groups (n=4-6 per group): 1) Sham-irradiation and 

control diet, 2) Sham-irradiation and fenofibrate (Fen; 200 ppm, Sigma-Aldrich, St.Louis, 

MO), 3) WBI and control diet, 4) WBI and fenofibrate.  The composition of the control 

diet has been described previously [3].  Mice were started on their respective diets 14 

days prior to WBI and maintained on these until euthanized (1-week or 2-months post-

irradiation).  Prior to irradiation, mice were anesthetized using a ketamine/ xylazine 

mixture injected i.p. (150/10 mg/kg body weight,[BW]).  WBI was performed using a 

7,214 Ci, self-shielded 137Cs irradiator using lead and Cerrobend shielding devices so that 

the whole brain, including the brain stem, was irradiated, while the eyes and the rest of 

the body were shielded.  Irradiated mice received a single dose of 10 Gy γ-rays at a dose 

rate of 3.33 Gy/min with half the dose (5 Gy) delivered to each side of the head.  Sham-

irradiated mice were anesthetized but were not irradiated.  All mice were weighed weekly 

and no significant weight loss was observed in any of the groups (data not shown).  

 

  Bromodeoxyuridine (BrdU) injection: One month post-WBI, mice received 50 mg/kg 

BW of BrdU injected i.p every day for 7 days.  Three weeks after the last BrdU injection, 

i.e. 2 months post-WBI, animals were euthanized and tissues were processed as outlined 

below.  The dose/regimen of BrdU used in our study has been shown to preferentially 

incorporate into DNA during synthesis phase [5,6].  Moreover, it has been demonstrated 

recently that BrdU does not get significantly incorporated during DNA damage repair 

following brain irradiation and in post-mitotic neurons even when a high dose of BrdU 

was directly infused into the brain [7].  
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  Tissue processing: Animals were deeply anesthetized using a ketamine/xylazine 

mixture (200/10 mg/kg BW) and perfused with phosphate-buffered 4% 

paraformaldehyde.  Brains were isolated and cryoprotected in 10%, 20%, and 30% 

sucrose and then frozen in tissue embedding medium.  Coronal sections containing the 

hippocampus (40-μm thickness) were sectioned on a freezing stage using a cryostat, 

collected in anti-freeze solution (1:1:2 ethylene glycol, glycerol and 0.1 M phosphate-

buffered saline) and stored at -20°C.  

 

  Immunohistochemistry and immunofluorescence:  For all immunostaining 

experiments, tissue sections were chosen based on systematically random sampling.  

Depending on the antibody used, a 1-in-12 series (CD68, BrdU/Iba-1 and BrdU/NeuN 

staining) or a 1-in-8 series (Ki67) of sections representing the entire anterior-to-posterior 

extent of the DG were washed in Tris-buffered saline (1X TBS; pH 7.4).  For 

immunohistochemical (IHC) staining, sections were treated with 1% H2O2 in 1X TBS to 

block endogenous peroxide activity.  For Ki67 IHC, antigen retrieval was performed by 

boiling the sections in 10 mM sodium citrate pH 6 for 10 min prior to the H2O2 step.  

Sections were first incubated for 1 h in blocking solution (5% normal serum, 0.3% Triton 

X-100 in 1X TBS) and then overnight at 4° C in primary antibody diluted in blocking 

solution.  The primary antibodies used were rabbit α-Ki67 (labels mitotic cells; 1:200; 

Abcam, Cambridge, MA), rat α-CD68 (clone FA-11, labels activated microglia; 1:100; 

AbD Serotec, Raleigh, NC).  Ki67 and CD68 labeling were detected using biotinylated 

secondary antibodies (1:200, Vectorlabs, Burlingame, CA) and visualized using 

peroxidase-conjugated avidin-biotin complex (ABC Elite kit) with either SG (Ki67) or 
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nickel-enhanced DAB (CD68) substrate (Vectorlabs, Burlingame, CA).  For 

immunofluorescence staining, sections were treated with 2 M HCl at 37° C to denature 

the DNA and subsequently washed in 1X TBS pH 8.5 to neutralize the acid.  The sections 

were then incubated for 2 h in blocking solution (10% normal serum, 0.3% Triton X-100 

in 1X TBS) and then overnight at 4° C with rat α-BrdU (1:200; AbD Serotec, Raleigh, 

NC) and either mouse α-NeuN (1:200; Chemicon, Billerica, MA) or rabbit α-Iba-1 

(1:200; Wako Pure Chemicals, Richmond, VA).  The BrdU, NeuN and Iba-1 labeling 

were detected using Cy3, Alexa-Fluor® 488 and Cy5-conjugated secondary antibodies 

respectively (1:200, Jackson ImmunoResearch, West Grove, PA).  The DNA binding 

fluorescent dye 4', 6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, St.Louis, MO) 

was used as a counterstain to visualize anatomical landmarks.  

 

  Quantitative analysis: All analyses were performed blindly using coded sections.  

CD68 immunolabeled cells were counted exhaustively in the GCL and hilus including the 

SGZ.  The volume of the GCL and the hilus was used to normalize the CD68 counts.  

Ki67 immunolabeled cells were counted in the SGZ region as previously described [4] 

and the length of the SGZ at the GCL-hilar border was used to standardize counts.  All 

counts were performed on an Olympus BX-60 microscope using Neurolucida software 

(MBF Biosciences, Colchester, VT).  To avoid overestimation, the cells on the top of the 

focal plane were excluded.  The BrdU+ and BrdU+/NeuN+ positive cells were counted (in 

the combined GCL and SGZ) in stacks of optical sections acquired using a Leica TCS 

SP2 confocal microscope (Leica Microsystems, Bannockburn, IL).  Depending on the 

antigen, counts were expressed as number of i] cells per mm3 of GCL+Hilus (CD68); ii] 
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cells per mm3 of GCL+SGZ (BrdU/NeuN and BrdU/Iba-1); and iii] cells per mm of SGZ 

(Ki67)  

 

  Statistical Analysis for in vivo data: Analysis of variance (ANOVA) was used for 

determining statistical significance between more than two experimental groups.  Tukey's 

studentized range test was used for the pairwise comparisons.  The constant variance 

assumption was tested using Levene's test for homogeneity of variance.  When the 

assumption of constant variance was not valid, the Kruskal-Wallis test was then 

performed.  When only two experimental groups were compared, 2-sample t-tests were 

used and Bonferroni correction was used to correct for multiple comparisons. 
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ABSTRACT 

Whole-brain irradiation (WBI) can lead to cognitive impairment several months to 

years after irradiation.  Studies on rodents have shown a rapid and sustained increase in 

activated microglia (brain macrophages) following brain irradiation, contributing to a 

chronic inflammatory response and a corresponding decrease in hippocampal 

neurogenesis.  Thus, alleviating microglial activation following radiation represents a key 

strategy to minimize WBI-induced morbidity.  We hypothesized that pre-treatment with 

peroxisomal proliferator-activated receptor (PPAR)α  agonists would ameliorate the pro-

inflammatory responses seen in the microglia following in vitro radiation.  Irradiating 

BV-2 cells (a murine microglial cell line) with single doses (2-10 Gy) of 137Cs γ-rays led 

to increases in 1] the gene expression of IL-1β and TNFα, 2] Cox-2 protein levels and 3] 

intracellular ROS generation.  In addition, an increase in the DNA-binding activity of 

redox-regulated pro-inflammatory transcription factors AP-1 and NF-κB was observed.  

Pre-treating BV-2 cells with the PPARα agonists, GW7647 and Fenofibrate significantly 

inhibited the radiation-induced microglial pro-inflammatory response, in part, via 

decreasing i] the nuclear translocation of the NF-κB p65 subunit and ii] phosphorylation 

of the c-jun subunit of AP-1 in the nucleus.  Taken together, these data support the 

hypothesis that activation of PPARα can modulate the radiation-induced microglial pro-

inflammatory response. 

 

    

Keywords: ionizing radiation, microglia, PPARα, inflammation, radiation-induced brain 

injury, NF-κB, AP-1 
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INTRODUCTION 

Brain metastases represent a significant cause of morbidity and mortality, and are 

the most common intracranial tumors in adults, occurring in 10% to 30% of adult cancer 

patients [1,2].  The annual incidence appears to be rising as a result of an aging 

population, improved treatment of systemic disease and the use of advanced imaging 

techniques such as magnetic resonance imaging to detect smaller metastases in 

asymptomatic patients [1].  Radiation therapy, administered in the form of large-field 

partial or whole-brain irradiation (WBI), is the primary mode of treatment for brain 

metastases; over 170,000 patients will receive WBI/year in the US [3,4].  However, late 

delayed effects of brain irradiation characterized by a progressive cognitive impairment 

occur in up to 50% of brain tumor patients who are long-term survivors [5] (>6 months 

post-irradiation).  Currently there are neither long- term treatments nor any preventive 

strategies to alleviate this radiation-induced morbidity [1].  

 Although the exact pathogenic mechanisms of radiation-induced brain injury are 

not known, a growing body of data suggests that oxidative stress/pro-inflammatory 

responses might play a role [6].  An acute molecular response characterized by increased 

expression of pro-inflammatory cytokines such as tumor necrosis factor alpha (TNFα), 

interleukin 1 beta (IL-1β), intracellular adhesion molecule-1 (ICAM-1), cyclooxygenase-

2 (Cox-2) and activation of transcription factors such as nuclear factor kappa B (NF-κB) 

is observed within hours of irradiating the rodent brain [7-9].  In addition, a chronic 

elevation of TNFα has been observed in the mouse brain up to 6 months post-irradiation 

[10].  
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Microglia, the immune cells of the brain, are one of the key mediators of 

neuroinflammation.  They represent about 10% of the total glial population in the central 

nervous system [11].  In the ramified state, microglia actively survey the 

microenvironment and ensure normal central nervous system activity by secreting 

neurotrophic factors such as neuronal growth factor (NGF) [12].  However, they can 

become activated by a variety of stimuli and release a host of pro-inflammatory 

cytokines, chemokines and reactive oxygen/nitrogen oxide species (ROS/RNOS) [13].  

Although microglial activation plays an important role in phagocytosis of dead cells in 

the central nervous system, prolonged activation leads to a sustained inflammatory status 

in the central nervous system [14].  Microglial activation has been implicated in several 

neurodegenerative diseases such as multiple sclerosis, Alzheimer’s disease and 

Parkinson’s disease [14].  

In vitro studies suggest that irradiating microglia leads to a marked increase in 

expression of proinflammatory genes including TNFα, IL-1β, IL-6 and Cox-2 [15-17].  

Radiation-induced expression of microglial TNFα and IL-1β has been shown to enhance 

ICAM-1 expression in non-irradiated astrocytes [16].  These studies are supported by in 

vivo experiments in rodents which indicate that brain irradiation leads to a marked 

increase in microglial activation associated with both a concomitant decrease in 

neurogenesis in the sub-granular zone (SGZ) of the hippocampus and spatial memory 

retention deficits [18,19].  Further, administration of the anti-inflammatory drug 

indomethacin decreased radiation-induced microglial activation and was associated with 

an improvement in hippocampal neurogenesis [20].  These data suggest that the efficacy 

53 
 



of anti-inflammatory therapies to mitigate radiation-induced brain injury may involve 

inhibition of radiation-induced microglial activation. 

Peroxisomal proliferator-activated receptor alpha (PPARα) is one of the three 

nuclear receptor subtypes belonging to the PPAR family [21].  Following activation, 

PPARs regulate gene transcription by binding to specific consensus sequences termed 

PPAR response elements (PPREs) in the promoter regions of genes as a heterodimer with 

the retinoid X receptor (RXR) [21].  PPARα is activated by both natural ligands such as 

certain long-chain fatty acids and eicosanoids and synthetic ligands such as 

hypolipidemic fibrates [22].  PPARα is predominantly expressed in tissues that 

catabolize high amounts of fatty acids such as the liver, kidney and heart [23], and 

regulates many metabolic pathways, including activation of fatty acid β-oxidation and 

apolipoprotein expression [22,24,25].  More recently, PPARα has been shown to play a 

major role in regulating inflammatory processes.  Administration of fibrates to patients 

with a moderate hyperlipidemia decreased plasma concentrations of pro-inflammatory 

mediators such as IL-6, TNF-α, interferon-γ (IFNγ), fibrinogen, and C-reactive protein 

[25].  PPARα ligands can negatively impact atherogenesis and vascular thrombus 

formation, in part, by repressing Tissue factor and TNF-α expression in T lymphocytes 

and macrophages [26,27].  In addition, PPARα has been shown to mediate its anti-

inflammatory activities, in part, via downregulation of activator protein-1 (AP-1) and NF-

κB signaling pathways [28].  

 In the brain, PPARα is expressed in multiple cell types including the microglia 

[27].  PPARα agonists have been shown to inhibit the production of nitric oxide and 

secretion of pro-inflammatory cytokines including TNFα, IL-1β and IL-6 in both 
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cytokine and LPS-stimulated microglia [29-31].  The role of PPARα in radiation-induced 

brain injury is unknown.  We hypothesized that activation of PPARα could modulate the 

inflammatory and/or oxidative stress responses of the microglia following radiation.  In 

the current study, we report that pre-treatment of microglial cells with PPARα agonists 

prevented the radiation-induced increases in TNFα and IL1β gene expression and Cox-2 

protein levels, in part, by modulating the activity of AP-1 and NF-κB transcription 

factors. 

 

MATERIALS AND METHODS 

Cell culture and reagents: The immortalized BV-2 murine microglial cell line 

was cultured in high glucose DMEM (Invitrogen, Carlsbad, CA) containing 5% fetal 

bovine serum (Sigma-Aldrich, St. Louis, MO), 2 mM L-glutamine, 100 IU/mL penicillin 

and 100 mg/mL streptomycin.  These cells display phenotypic and functional properties 

of reactive microglial cells and resemble non-activated primary microglial cells [32].  

Cells were maintained at 37ºC with 10% CO2/ 90% air mixture and the culture medium 

was replaced with serum-free media 24 h prior to irradiation.  The PPARα agonists 

GW7647 and Fenofibrate were purchased from Sigma-Aldrich.  The JNK inhibitor, SP 

600125, the NF-κB inhibitors Bay-117082 and 6-Amino-4-(4-phenoxyphenylethylamino) 

quinazoline were purchased from Calbiochem (EMD Biosciences, La Jolla, CA).  All 

drugs were dissolved in Me2SO4 (DMSO); for some experiments, Fenofibrate was 

dissolved in N, N-Dimethyl formamide (DMF).  Goat anti-Cox-2 was purchased from 

Santa Cruz Biotechnologies (Santa Cruz, CA).  Rabbit anti-p65 was purchased from Cell 

Signaling (Danvers, MA).  
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Irradiation: Cells were irradiated using a 137Cs irradiator (J.L. Shepherd and 

Associates, San Fernando, CA) at a dose rate of ~ 4.0 Gy/min.  All irradiations were 

performed at room temperature; control cells received sham-irradiation.  After irradiation, 

the culture dishes were returned to the incubator and maintained at 37ºC in a 10% 

CO2/90% air mixture.  

Measurement of intracellular ROS generation:  2′7′-dichlorofluorescein 

diacetate (DCFH-DA) was used as an indicator of intracellular formation of ROS as 

described previously [33].  DCFH-DA is a cell-permeant probe that enters the cell 

followed by cleavage of the diacetate molecules by cellular esterases.  The probe 

becomes fluorescent when it is oxidized in cells by ROS. In brief, BV-2 cells were plated 

onto 24-well plates at a density of 45,000 cells/well.  Twenty four hours after plating, 

cells were washed twice with 1X PBS+ (1X PBS with 0.14 g/L CaCl2 and 0.1 g/L of 

MgCl2) and subsequently incubated in PBS+ containing 10 μM DCFH-DA (Invitrogen, 

CA/Molecular Probes, Eugene, OR) for 45 min.  The cells were rinsed twice with 1X 

PBS+ to wash off the probe and then treated with a single dose of 2, 4, 6, 8 or 10 Gy of 

137Cs γ rays ; controls were sham-irradiated.  As a positive control, cells were treated with 

either 100 μM or 1 mM H2O2 for 1 h prior to fluorescence measurement.  ROS generation 

was measured 1 h post-irradiation as relative fluorescent intensity using a FLUOstar 

OPTIMA multimodal plate reader (BMG LabTech, Germany) at excitation wavelength 

485 nm and emission wavelength 530nm. Ten micromolar carboxy-DCFH-DA 

(Invitrogen/Molecular Probes) was used as a negative control for ROS assays.  C-369 is a 

non-oxidizable fluorescent probe that does not change its fluorescence in the presence of 

ROS.  For experiments with GW7647, cells were incubated with 10 μM GW7647 or 
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vehicle (DMSO) for 24 h prior to being incubated with DCFH-DA.  For experiments with 

Fenofibrate, cells were incubated with DCFH-DA for 45 min and subsequently treated 

with 100 μM Fenofibrate or vehicle (DMF) for 1 h prior to irradiation.  Irradiation and 

fluorescence measurements were carried out as outlined above.  

RNA isolation and Real-time qPCR: RNA was isolated from cells using Trizol 

reagent (Invitrogen) according to manufacturer’s specifications. DNA contamination 

from RNA was removed by subjecting it to Acid-Phenol Chloroform extraction (pH 4.6, 

125:24:1, Ambion Inc., Austin, TX) followed by RQ1 DNase treatment (Promega, 

Madison, WI).  The PCR amplifications were done in 25 μL reaction volume containing 2 

μL cDNA, 12.5 μL of Platinum® Quantitative PCR SuperMix-UDG w/ROX 

(Invitrogen), unlabeled antisense primer, FAM-labeled sense primer and nuclease-free 

water.  The PCR reaction was carried out in a ABI Prism® 7000 at 50º C for 2 min, 95 º 

C for 2 min and 45 cycles of 95ºC for 15 min, 55 º C for 30 sec and 72 º C for 30 sec.  

The fold changes in gene expression of TNFα and IL-1β were calculated using the 

comparative Ct (cross threshold) method.  Briefly, the Ct of the housekeeping gene β-

actin was subtracted from the Ct of TNFα or IL-1β to get ∆ Ct.   The ∆ Ct value of sham-

irradiated sample was then subtracted from the ∆ Ct of the rest of the treatments to get the 

∆∆ Ct value.  Fold differences compared to sham-irradiated sample are obtained by 

calculating 2-∆∆Ct for each treatment group.  Data represent the Mean ± S.E.M of three 

independent experiments.  

Electromobility shift assay (EMSA): Cells were lysed with cold Buffer A (10 

mM HEPES pH 7.9, 1.5 mM MgCl2,10 mM KCl, 0.5 mM DTT) followed by 

homogenization using a Dounce homogenizer ( B type pestle).  Lysed cells were 
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centrifuged at 12,000 rpm for 2 min to isolate nuclei.  Nuclear protein was isolated by 

treating the nuclear pellet with Buffer C (5 mM HEPES pH 7.9, 1.5 mM MgCl2, 25% v/v 

Glycerol, 400 mM NaCl, 1 mM EDTA 0.5 mM DTT, 0.5 mM PMSF, 2 μg/mL aprotinin, 

2 μg/mL leupeptin and 1 mM Na3VO4) for 30 min in ice followed by centrifugation at 

12000 rpm for 2 min.  Protein concentrations were calculated using the Bradford Assay 

(Bio-Rad, Hercules, CA) by measuring the absorbance at 595 nm.  The EMSA procedure 

was carried out using the Promega Gel-Shift Core Assay System according to the 

manufacturer’s instructions.  Briefly, 10 μg of nuclear protein in sterile water were 

incubated with 2 μL of Binding Buffer (Promega) for 10 min.  Consensus NF-κB binding 

sequence: 5´-AGTTGAGGGGACTTTCCCAGG C-3´and 3´-TCA 

ACTCCCCTGAAAGGGTCCG-5´and AP-1 binding sequence: 5´-

CGCTTGATGAGTCAGCCGGAA-3´ and  3´-GCGAACTACTCAGTCGGCCTT-5’ 

were labeled with 20 μCi γ-P32 (GE Healthcare, Piscataway, NJ) and T4 polynucleotide 

kinase (Promega) and subsequently incubated with the nuclear protein samples for 20 

min and electrophoresed on a 4% non-denaturing polyacrylamide gel.  The gel was 

subsequently stained in 7% acetic acid, washed twice with water, and vacuum dried 

(Thermo Scientific, Waltham, MA) for 20 min.  An X-ray film was placed on top of the 

dried gel and the image allowed to develop at -80º C.  The X-ray film was processed 

using a Kodak Processing System.  Films were scanned and densitometry was performed 

to quantify the intensity of the signal (Scion Image, Frederick, MD).  For supershift 

experiments, nuclear proteins were incubated with 2 μg of either anti-p65 or anti-c-Jun 

antibodies for 20 min after addition of radiolabeled probes.  For competition assays, 1 μL 
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of either NF-κB or AP-1 unlabelled oligos was added to the nuclear extracts prior to 

addition of radiolabeled probes.  

Luciferase assay:  8 X 104 BV-2 cells were plated on 24-well plates.  Twenty 

four hours later, cells were co-transfected with 0.2 μg of either PPRE-ACOX (consensus 

PPRE for the rat acyl-CoA oxidase gene, a kind gift from Dr. Thomas McIntyre, Univ. of 

Utah) or control vector (pGL3, Promega) and a renilla plasmid (0.02 μg, pRL-SV40, a 

kind gift from Dr. Lee Yong Woo, Univ. of Virginia) using Effectene Reagent (Qiagen, 

Valencia, CA) according to the manufacturer’s protocol.  Transfected cells were treated 

after 24 h with either vehicle or the PPARα agonists.  Luciferase activity was then 

measured 24 h post-drug treatment using the Dual Luciferase assay kit (Promega) 

according to the manufacturer’s instructions.  The change in luciferase activity is depicted 

as fold change in luminescence calculated as RLU of firefly/RLU of renilla luciferase. 

Immunoblotting: Total cellular protein extraction was carried out using M-PER 

reagent (Thermo Scientific).  Briefly, cells were washed and subsequently scraped in 1 

mL of 1X PBS.  Cell pellets were lysed and collected using M-PER mammalian lysis 

buffer (Pierce Biotechnology, Inc. Rockford, IL) containing 1 mg/mL aprotinin, 1 mg/mL 

leupeptin (Sigma-Aldrich), and 10 mg/mL phenylmethylsulfonyl fluoride (PMSF).  

Protein was quantified using the Bio-Rad DC protein assay kit (Bio-Rad).  Thirty to 50 

μg of protein were separated by SDS-PAGE.  Proteins were transferred to a 

polyvinylidene fluoride (PVDF) membrane for 12–16 h at 30 V, and blocked in 5% skim 

milk in TBST (0.02 M Tris, 0.15 M NaCl, 0.05% Tween 20, pH 7.5).  Following this, 

membranes were incubated with the respective primary antibodies diluted in 2% BSA in 

TBST overnight.  Proteins were visualized using the ECL detection system (GE 
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Healthcare, NJ) after incubation with the respective HRP-conjugated secondary 

antibodies.  Films were scanned and densitometry was performed to quantify the intensity 

of the signals (Scion Image).  Signal intensities were normalized using those of 

housekeeping gene products (β-actin for total cell lysates and total c-jun for nuclear 

protein extracts). 

Statistical Analysis: All analyses were performed using SAS software (Cary, 

NC).  Though the sample size within each treatment group is not large, we believe that 

the distribution for the outcome measure (e.g., ratio) is normally distributed in the 

population.  Using our data, we also examined the distribution of the measures and the 

need for any transformations in order to minimize heterogeneity of variance.  As deemed 

appropriate, either one-sample t test or the analysis of variance (ANOVA) was used for 

determining statistical significance between the experimental groups.  Bonferroni and 

Tukey’s studentized range tests were used for the pair wise comparisons.  The constant 

variance assumption was tested using Levene’s test for homogeneity of variance.  If and 

when the assumption of constant variance was not valid, the Kruskal-Wallis test was 

performed.  

 

RESULTS 

BV-2 cells possess a functional PPARα   

In order to confirm the suitability of the BV-2 cells for our studies, we co-

transfected these cells with a PPRE-driven reporter plasmid construct along with a renilla 

vector and performed luciferase activity assays 24 h after treatment with the PPARα 

agonists GW7647 and Fenofibrate.  Incubating BV-2 cells with GW7647 (1 μM and 10 
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μM) and Fenofibrate (100 μM) increased the luciferase activity 2-fold suggesting that 

PPARα is functional in these cells (data not shown).  Since GW7647 and Fenofibrate 

were able to significantly activate PPARα at 1 μM and 100 μM, respectively, we chose 

these concentrations for the remainder of our studies. 

 

Radiation leads to increases in intracellular ROS generation and induces a pro-

inflammatory response in the microglia 

Although several studies suggest that microglial cells show enhanced ROS 

generation following various inflammatory stimuli such as H2O2 [34] and 

lipopolysacharride [35], a radiation-induced increase in ROS generation has not been 

reported.  When BV-2 cells were incubated with DCFH-DA for 45 min and then 

irradiated, we observed a dose-dependent increase in the intracellular ROS generation 1 h 

after irradiation (*p<0.05 vs. 0 Gy, Fig. 1A).  The non-oxidizable control probe, carboxy-

DCF (C369) did not show any radiation-induced difference in fluorescence (Fig. 1A) 

Irradiating BV-2 cells with a single dose of 10 Gy led to significant, biphasic 

increases in gene expression of the pro-inflammatory cytokines TNF-α and IL-1β at 1 and 

24 h post-irradiation (Fig. 1B).  A radiation-induced increase in protein levels of COX-2 

was also observed, with peak levels being seen at 7 h post-irradiation (Fig. 1C).  Since 

ionizing radiation has been shown to increase the activity of proinflammatory 

transcription factors such as NF-κB [17] and AP-1 [36], we determined their radiation 

response in the BV-2 cells.  As shown in Figs. 2A and D, we observed marked increases 

in the DNA binding of NF-κB and AP-1 as early as 30 min post-irradiation; maximal 

increases were seen 1 h post-irradiation.  
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When nuclear extracts from irradiated BV-2 cells were incubated with α-p65 or α-

c-jun antibodies, we observed a marked decrease in the DNA binding of the nuclear 

proteins to the NF-κB (Fig. 2B) and AP-1 (Fig. 2E) consensus oligos indicating that the 

antibodies interfered with the binding of p65 and c-jun to the radiolabeled consensus 

DNA probe.  These findings suggest that the p65 subunit of NF-κB and c-jun subunit of 

AP-1 are involved in the radiation response.  Consistent with these results, we observed a 

significant increase in p65 nuclear translocation and nuclear c-jun phosphorylation at site 

Ser63 following irradiation (data not shown).  

 

Regulation of radiation-induced proinflammatory responses in the microglia by AP-1 

and NF-κB  

Although the expression of TNFα, Cox-2 and IL-1β in the microglia is known to 

be regulated by AP-1 and NF-κB [37-41], a direct link between the pro-inflammatory 

transcription factors and the pro-inflammatory mediators has not been established in the 

context of ionizing radiation.  To test this, we treated the BV-2 cells with either a specific 

c-jun kinase inhibitor, SP600125 (SP; 5 μM)) or two NF-κB activation inhibitors, 6-

Amino-4-(4-phenoxyphenylethylamino) quinazoline (Q; 100 nM)) and Bay-117082 (Bay; 

5 μM) and determined the radiation-induced pro-inflammatory response in the microglia.  

As anticipated, pre-treating BV-2 cells with the Q or SP inhibitor prevented the radiation-

induced increase in  NF-κB and AP-1 DNA binding, respectively (Figs. 3A and B)  

Similar inhibition of the radiation-induced activation of NF-κB was observed with the 

Bay inhibitor (data not shown).  Further, treatment of BV-2 cells with SP inhibited the 

radiation-induced increase in TNFα, IL-1β and Cox-2 expression (Fig. 3C).  In contrast, 
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treating BV-2 cells with the Q inhibitor led to inhibition of the radiation-induced increase 

in IL-1β expression but failed to inhibit the radiation-induced increases in either Cox-2 or 

TNFα (Fig. 3C).  Similar results were obtained using the Bay, NF-κB inhibitor (data not 

shown).  To rule out the possibility that the JNK inhibitor had a non-specific effect on the 

NF-κB pathway, BV-2 cells were treated with SP for 1 h, irradiated and 1 h later, nuclear 

proteins were collected and subjected to EMSA.  The SP compound did not alter the 

radiation-induced increase in NF-κB DNA binding (Fig. 3A) suggesting that the effect of 

SP on TNFα, IL-1β and Cox-2 is independent of the NF-κB pathway.  Together, these 

data suggest that in the BV-2 cells, the radiation-induced increases in TNFα and Cox-2 

are regulated primarily by the AP-1 pathway, while IL-1β expression is controlled by 

both AP-1 and NF-κB pathways. 

 

Activation of microglial PPARα  prevents the radiation-induced pro-inflammatory 

responses 

Next we tested whether activation of PPARα could prevent the radiation-induced 

microglial pro-inflammatory responses.  BV-2 cells were pre-treated with either 100 μM 

Fenofibrate or 1 μM GW7647 and the pro-inflammatory responses of the cells were 

measured following irradiation.  Both PPARα agonists significantly inhibited the 

radiation-induced increase in TNFα and IL-1β gene expression (Fig. 4A).  Similarly, the 

radiation-induced increase in Cox-2 protein was significantly inhibited when the cells 

were pre-treated with Fenofibrate (# p< 0.05 vs. 10 Gy, Fig. 4B) and GW7647 

(Supplemental Fig. S1A).  These data indicate that PPARα activation modulates the 
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radiation-induced microglial pro-inflammatory response, in part, by inhibiting the 

radiation-induced increases in TNFα, IL1β and Cox-2.   

 

PPARα activation does not alter the radiation-induced increase in microglial 

intracellular ROS generation 

Studies have shown that the ROS generated by microglial cells following 

inflammatory insults such as thrombin [42] and LPS [43] play a role as second 

messengers in increasing the expression of several pro-inflammatory factors.  Thus, we 

hypothesized that the modulation of the microglial pro-inflammatory responses by 

PPARα agonists could be due, in part, to inhibition of radiation-induced intracellular ROS 

generation.  Using the DCFH-DA assay, we observed that incubating BV-2 cells with 

either Fenofibrate (100 μM) or GW7647 (1 and 10 μM) prior to irradiation did not affect 

ROS generation (Figs. 5A and 5B).  These data suggest that in the BV-2 cells, PPARα 

ligands modulate the radiation-induced microglial pro-inflammatory response without 

altering the radiation-induced increase in intracellular ROS generation.  This led us to 

hypothesize that inhibition of the radiation-induced increases in TNFα, IL-1β and Cox-2 

by PPARα agonists might be through regulation of signaling events downstream of ROS 

generation.  

 

Fenofibrate inhibits NF-κB and AP-1 transactivation properties, in part, by inhibiting 

p65 translocation and c-jun phosphorylation, respectively.  

Since we observed that the radiation-induced microglial pro-inflammatory 

response is regulated, in part, by NF-κB and AP-1, we wanted to determine whether the 
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ability of PPARα agonists to prevent the radiation-induced increases in TNFα, IL-1β and 

Cox-2 was via inhibiting activation of these two transcription factors.  Indeed, we 

observed a significant inhibition of NF-κB and AP-1 DNA binding activity when the BV-

2 cells were pre-treated with Fenofibrate (# p<0.05 vs. 10 Gy, Figs. 6A and 7A) and 

GW7647 (Supplemental Fig. S1B).  

Exploring further into the inhibition of NF-κB, we tested whether phosphorylation 

of the inhibitor of NF-κB, IκBα was affected by Fenofibrate treatment.  Irradiating the 

BV-2 cells led to an approximately 2.5-fold increase in phosphorylation of IκBα at Ser 32 

which appeared to be unaffected by Fenofibrate treatment (Fig. 6B).  Next we asked 

whether PPARα activation inhibits NF-κB DNA binding by decreasing the nuclear 

translocation of p65.  Indeed, we observed that Fenofibrate treatment inhibited the 

radiation-induced increase in nuclear p65 levels (Fig. 6C).  These data suggest that 

Fenofibrate modulates the radiation-induced expression of NF-κB dependent pro-

inflammatory genes such as IL-1β, in part, by inhibiting p65 translocation into the 

nucleus.  

To gain further insight into the signaling mechanism(s) involved in the inhibition 

of AP-1 DNA binding by PPARα agonists, we examined the phosphorylation status of c-

jun in the nucleus following Fenofibrate treatment.  We observed a marked increase in 

phosphorylation of nuclear c-jun at Ser63 residue which was inhibited when BV-2 cells 

were pre-treated with Fenofibrate (Fig. 7B).  In order to determine the kinase responsible 

for the c-jun phosphorylation, we examined the effect of the JNK inhibitor, SP, on 

radiation-induced ser63c-jun phosphorylation.  SP abrogated the phosphorylation of Ser63 

of c-jun (# p< 0.05 vs. 10 Gy, Fig. 7C) suggesting that the radiation-induced activation of 

65 
 



c-jun/AP-1 is mediated predominantly by JNK.  Overall, these data suggest that 

Fenofibrate modulates the radiation-induced microglial pro-inflammatory response, in 

part, by preventing the activating phosphorylation of c-jun in the nucleus.  

 

DISCUSSION 

These studies indicate that irradiating BV-2 cells leads to an increase in 

intracellular ROS generation.  Increases in ROS levels could amplify the pro-

inflammatory responses of the microglia through effects on kinase signaling pathways 

and transcription factor activation [44].  Consistent with this, we also observed increased 

TNFα and IL-1β gene expression and Cox-2 protein levels following irradiation, 

extending previous reports [15-17].  Further, the current data not only confirm that 

irradiating microglial cells can increase the DNA binding activity of NF-κB [17] but 

demonstrate a similar radiation-induced increase in AP-1 activation.  We hypothesized 

that pre-treatment of the microglial cells with PPARα agonists would prevent the 

radiation-induced pro-inflammatory responses.  Indeed, PPARα activation effectively 

prevented the radiation-induced increases in TNFα, IL-1β and Cox-2, in part, by 

negatively regulating NF-κB and AP-1.  To our knowledge, this is the first report 

examining the role of PPARα in modulating radiation-induced changes in microglial cell 

phenotype.  

Previous studies have demonstrated that irradiating either primary murine 

microglial cells or immortalized murine BV-2 microglial cells led to increases in the gene 

expression of TNFα, IL-1β and Cox-2 [15-17].  However, these studies were limited, 

using either a single dose of 25 Gy [15,16], one or two time points following irradiation, 
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or analysis of changes in gene expression using semi-quantitative RT-PCR [15-17].  The 

current studies confirm and extend considerably these previous findings.  Thus, we 

observed increases in gene expression of TNFα and IL-1β using quantitative real-time 

PCR in addition to an increase in Cox-2 protein levels in the BV-2 cells following 

irradiation. Of interest, the increase in TNFα and IL-1β gene expression demonstrated a 

biphasic pattern following radiation.  However, the biological importance of this biphasic 

response remains to be determined.  Cox-2 mediated production of Prostaglandin E2, 

TNFα and IL-1β from the conditioned media of irradiated BV-2 cells has been shown to 

be important for alterations in astrocyte phenotype in vitro [17].  Radiation-induced 

increases in microglial TNFα and IL-1β have been proposed to be responsible for the 

increase in leukocyte adhesion in the brain via upregulation of ICAM-1 in astrocytes [16].  

In vivo, brain irradiation leads to increases in gene expression of TNFα, IL-1β and Cox-2 

acutely (4-24 h) [9, 15] and that of TNFα chronically (6 months) [8].   

While the exact role of these pro-inflammatory mediators in the pathogenesis of 

radiation-induced brain injury is still under investigation, a hint to their function is 

suggested by studies with other brain injury models.  Increased levels of pro-

inflammatory cytokines have been associated with a number of neuro-inflammatory 

conditions such as Alzheimer’s disease [45], Parkinson’s disease [46] and multiple 

sclerosis [47].  Transgenic overexpression of TNFα, IL-1β and Cox-2 has been shown to 

induce behavioral and memory impairments in rodents [48-50].  TNFα and IL-1β have 

been shown to be potent inducers of apoptosis in oligodendrocytes and neural progenitor 

cells [51-53].  Thus, inhibiting the pro-inflammatory response following radiation appears 

a promising strategy to minimize radiation-induced brain injury.  
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PPARα, while classically known to be involved in fatty acid oxidation, has 

recently been demonstrated to be an important anti-inflammatory mediator [21].  PPARα 

ligands have been shown to inhibit both cytokine- and LPS-induced increases in pro-

inflammatory mediators such as TNFα, IL-1β, Cox-2 and IL-6 in a variety of cell types 

including microglia [28-31].  Thus, we hypothesized that activation of PPARα in the 

microglia would inhibit the radiation-induced pro-inflammatory response.  Indeed, we 

demonstrated that the radiation-induced increases in TNFα, IL-1β gene expression and 

Cox-2 protein were significantly inhibited by the PPARα agonists, GW7647 and 

Fenofibrate.  Our findings emphasize the pleiotropic effects of PPARα agonists in 

response to inflammation as they target multiple pro-inflammatory microglial cytokines 

that might be involved in the development and progression of radiation-induced brain 

injury. 

The promoter regions of TNFα, IL-1β and Cox-2 contain numerous transcription 

factor binding sites including AP-1 and NF-κB and several reports suggest that their 

expression in the microglia is regulated by these transcription factors [37-41].  Consistent 

with this, we observed marked increases in the DNA binding activity of AP-1 and NF-κB 

as early as 30 min post-irradiation in the microglial cells.  Inhibiting JNK activation 

prevented the radiation-induced increase in microglial TNFα, IL-1β and Cox-2; inhibiting 

NF-κB prevented only the radiation-induced increase in IL-1β expression.  These data 

indicate that, in the context of the radiation response of BV-2 cells, the expression of 

TNFα, and Cox-2 appears to be regulated by AP-1 and that IL-1β expression is regulated 

by both NF-κB and AP-1.  Overall, these results highlight the importance of these two 

transcription factors in mediating the microglial pro-inflammatory response following 
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radiation.  This led us to hypothesize that the mechanism by which PPARα prevented the 

radiation-induced increases in TNFα, IL-1β and Cox-2 could involve, in part, inhibition 

of AP-1 and NF-κB activation. 

Several lines of evidence suggest that PPARα mediates its anti-inflammatory 

effects via negative regulation of NF-κB.  In human aortic smooth muscle cells 

(HASMCs), PPARα has been shown to inhibit NF-κB transactivation function via direct 

interaction with the Rel homology domain of the p65 subunit, which mediates its DNA 

binding and dimerization activity [28].  In addition, PPARα ligands upregulated the 

expression of the NF-κB inhibitor protein IκBα in both HASMCs and microglial cells 

leading to decreased DNA binding of NF-κB and p65-mediated gene expression [31, 54].  

We observed that the PPARα ligands significantly diminished the radiation-induced 

increase in NF-κB DNA binding.  This negative regulation of NF-κB appears to be 

downstream of IκBα degradation; Fenofibrate did not affect Ser32IκBα phosphorylation 

following irradiation, consistent with previous findings [54].  A number of post-

translation events such as acetylation and phosphorylation activate p65 following its 

release from IκBα [55].  Thus, it is possible that Fenofibrate might negatively impact 

such modifications thereby leading to the retention of inactive p65 in the cytoplasm.   

In addition to NF-κB, PPARα has been shown to downregulate the pro-

inflammatory response by interfering with components of the AP-1 signaling pathway 

[28].  In the liver, Fenofibrate inhibited IL-6- induced acute phase gene expression by 

decreasing both total c-jun and Ser73phosphorylated c-jun (activating phosphorylation) in 

the nucleus [56].  In HASMCs, PPARα inhibited c-jun transactivation by directly binding 

to its c-jun kinase (JNK) phosphorylation domain [28].  The transactivation function of c-
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jun has been shown to depend on the phosphorylation of residues Ser73 and Ser63 [57].  

Our studies indicate that in the microglial cells, the PPARα ligands significantly inhibited 

the radiation-induced increase in AP-1 DNA binding, in part, by inhibiting the 

phosphorylation of c-jun at Ser63 in the nucleus.  Whether or not c-jun phosphorylation is 

affected due to direct binding of PPARα to c-jun or inhibition of upstream signaling 

events such as JNK activation remains to be determined in future research.  

Previous studies indicate that the promoter regions of primary antioxidant 

enzymes including catalase and Cu/ZnSOD possess PPREs [58, 59].  WY-14643, a 

PPARα ligand, has been shown to protect neurons from Aβ-induced toxicity, in part, by 

upregulating catalase protein levels [60].  However, we failed to detect any changes in the 

expression of antioxidant enzymes in BV-2 cells incubated with PPARα agonist (data not 

shown).  Indeed, PPARα activation also failed to inhibit the increase in intracellular ROS 

determined in irradiated BV-2 cells.  Thus, PPARα appeared to modulate the radiation-

induced pro-inflammatory responses in microglial cells primarily by inhibiting AP-1 

and/or NF-κB signaling. 

To start to determine the specific ROS involved in the increased DCF oxidation 

following radiation, we incubated the BV-2 cells with L-NAME (a nitric oxide inhibitor, 

1mM) for 1h prior to radiation.  We observed that the radiation-induced increase in 

intracellular ROS was not inhibited by L-NAME (Supplemental Fig. S2).  These results 

are consistent with previous observations that nitrite levels and inducible nitric oxide 

synthase gene expression were unchanged in the BV-2 cells following radiation [17].  

Recently, we have shown that the radiation-induced ROS generation and subsequent pro-

inflammatory response in rat brain microvascular endothelial cells is dependent, in part, 
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on NADPH oxidase-dependent superoxide generation [61].  Whether NADPH oxidase is 

one of the key players involved in the radiation-induced microglial ROS generation is 

currently being studied in our laboratory.  

Based on the current findings, we propose a working model for the role of PPARα 

in modulating the radiation-induced microglial inflammation as outlined in Figure 8.  

Radiation, through the generation of intracellular ROS, leads to activation of NF-κB and 

AP-1 in the microglia.  These transcription factors increase the gene expression of TNFα, 

IL-1β and Cox-2 all of which contribute to the neuro-inflammatory phenotype of the 

microglia.  Activation of PPARα by Fenofibrate and GW7647 appears to prevent the 

radiation-induced pro-inflammatory response, in part, by inhibiting the transactivation 

functions of NF-κB and AP-1.  Mechanistically, inactivation of these transcription factors 

by PPARα agonists appears to be via decreased nuclear translocation of NF-κB/p65 

subunit and reduced phosphorylation of nuclear c-jun/AP-1.   

In summary, our data indicate that PPARα agonists can prevent the pro-

inflammatory responses of the microglia following radiation.  While this study addresses 

the response of the microglia to radiation in vitro, it does not adequately represent the in 

vivo scenario in which multiple cells types in the brain are irradiated and likely contribute 

to the pathogenesis of radiation-induced brain injury.  Given the reports that PPARα 

ligands inhibit the pro-inflammatory responses of astrocytes [62] and are also 

neurotrophic [63], PPARα may mediate its anti-inflammatory effects in vivo in more than 

one cell type.  Moreover, these in vitro studies utilize microglial cells grown under 

conditions of 21% oxygen concentration, a value much higher than would occur in vivo.  

The impact of “physiological” oxygen concentrations on the radiation-induced 
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inflammatory response of microglial cells remains to be determined.  However, animal 

studies have shown clearly that PPARα ligands can cross the blood-brain barrier and 

appear to be neuroprotective following ischemia-reperfusion [64], experimental 

autoimmune encephalomyelitis [65] (EAE) and stroke [66].  Overall, our in vitro data 

suggest that PPARα ligands offer promise as potent agents that could prove efficacious in 

the treatment and/or prevention of radiation-induced brain injury.  
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FIGURE LEGENDS 

 

Figure 1: Irradiating BV-2 cells leads to increases in intracellular ROS generation, 

TNFα and IL-1β gene expression as well as an increase in Cox-2 protein levels. A, 

BV-2 cells were plated on 24-well plates.  Twenty-four h later, cells were incubated with 

10 μM DCFH-DA for 45 min.  The probe was then washed off the cells using 1X PBS+ 

and the cells irradiated with a single dose of 2-10 Gy of 137Cs γ rays; control cells 

received sham-irradiation.  Intracellular ROS were measured 1 h post-irradiation as 

described in Materials and methods.  Results are presented as arbitrary fluorescence units 

for irradiated and sham-irradiated cells.  Mean ± S.E.M; *, p< 0.05 vs. sham-irradiated 

cells; n = 3.  C-369 served as a negative control for DCFH experiments. BV-2 cells were 

incubated with 10 μM carboxy-DCFDA (C-369), a non-oxidizable analog of DCFH and 

then were either treated with a single dose of 10 Gy or sham-irradiated. Mean ± S.E.M; n 

= 3.  B and C, BV-2 cells were irradiated with a single dose of 10 Gy and RNA (B) or 

total cell lysates (C) were collected at the indicated times.  Quantitative real-time PCR 

was used to detect changes in TNFα and IL-1β (B) gene expression.  Results were 

calculated using the 2-∆∆Ct method (see Materials and Methods) and presented as fold 

changes compared to sham-irradiated cells after normalization with β-actin expression 

levels.  Cox-2 levels (C) were measured using immunoblotting and normalized with β-

actin protein levels. Mean ± S.E.M; *, p< 0.05 vs. sham-irradiated cells; n = 3.  
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Figure 2: Irradiating BV-2 cells leads to increases in NF-κB and AP-1 activation.  

BV-2 cells were irradiated at indicated times using a single dose of 10 Gy and nuclear 

proteins were collected.  Ten micrograms of nuclear extracts were incubated with either 

γ-32P-labelled NF-κB (A) or AP-1 (D) oligonucleotides (see Materials and Methods).  

Electro-mobility shift assay was performed as described in Materials and methods.  For 

supershift assays (B and E), nuclear extracts from irradiated samples was incubated with 

2 μg of anti-p65 or anti-c-jun antibodies for 20 min after addition of the radiolabeled 

probe.  For competition assays (C and F), nuclear extracts were incubated with either 

unlabelled NF-κB or AP-1 oligonucleotides prior to addition of radiolabeled probe; CC= 

Cold competitor, NSC= Non-specific competitor. Blots are representative of three 

independent experiments (n=3).   
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Figure 3: The radiation-induced pro-inflammatory response is regulated, in part, by 

NF-κB and AP-1. A and B, BV-2 cells were treated with either SP 600125 (SP) or 6-

Amino-4-(4-phenoxyphenylethylamino) quinazoline (Q) for 1 h, and then irradiated with 

a single dose of 10 Gy. Nuclear extracts were collected 1 h post-irradiation and subjected 

to EMSA.  Data are presented as fold changes in DNA-binding of NF-κB (A) and AP-1 

(B) compared to sham-irradiated cells. Mean ± S.E.M; *, p< 0.05 vs. sham-irradiated 

cells; #, p< 0.05 vs. 10 Gy; n.s, non-significant vs. 10 Gy; n = 3.  C, BV-2 cells were 

treated with the inhibitors as above.   TNFα (black bars) and IL-1β (dotted bars) gene 

expression was measured using real-time qPCR 1 h and 24 h post-irradiation, 

respectively.  Cox-2 (checked bars) protein expression was measured 7 h post-irradiation.  

Data are presented as fold changes compared to sham-irradiated cells. Mean ± S.E.M; *, 

p< 0.05 vs. sham-irradiated cells; #, p< 0.05 vs. 10 Gy; n.s, non-significant vs. 10 Gy, n = 

3.  
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Figure 4: PPARα agonists ameliorate radiation-induced microglial pro-

inflammatory responses. A, BV-2 cells were treated with either vehicle, GW7647 (1 

μM) for 24 h or Fenofibrate (100 μM) for 1 h, irradiated and RNA was isolated for qPCR 

analysis of TNFα (black bars) and IL-1β (white bars) gene expression 24 h post-

irradiation.  Mean ± S.E.M; *, p< 0.05 vs. sham-irradiated cells; #, p< 0.05 vs. 10 Gy; n = 

3.  B, BV-2 cells were treated with Fenofibrate as above; total cell lysates were collected 

7 h post-irradiation and subject to immunoblotting for Cox-2 and β-actin.  B, upper panel 

shows representative blot of three independent experiments; lower panel shown 

densitometric analysis.  Results are shown as fold changes compared to sham-irradiated 

cells. Mean ± S.E.M; *, p< 0.05; #, p< 0.05 vs. 10 Gy; n = 3. 
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Figure 5: PPARα agonists do not inhibit the radiation-induced increase in 

intracellular ROS generation.  BV-2 cells were treated with either vehicle, Fenofibrate 

(A; 100 μM, 1 h) or GW7647 (B; 1 and 10 μM, 24 h) and intracellular ROS were 

measured as described above.  As a positive control, cells were treated for 1 h with either 

1mM (A) or 100 μM (B) H2O2 prior to ROS measurement.  Results are presented as 

arbitrary fluorescence units for non-irradiated and irradiated samples.  Mean ± S.E.M; *, 

p< 0.05 vs. sham-irradiated cells; n.s, non-significant vs. 10 Gy; n = 3.  
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Figure 6: PPARα activation in the microglia leads to negative regulation of the NF-

κB pathway. A, BV-2 cells were treated with vehicle or 100 μM Fenofibrate, irradiated 

and nuclear proteins were collected 1 h post-irradiation and used for EMSA using 

radiolabeled NF-κB consensus oligos.  Results are presented as fold changes compared to 

sham-irradiated cells. Mean ± S.E.M; *, p< 0.05 vs. sham-irradiated cells; #, p< 0.05 vs. 

10 Gy; n = 3. B, BV-2 cells were treated as above and total cell lysates were collected 1 h 

post-irradiation and subject to immunoblotting for p-IκBα.  β-actin was used as the 

loading control.  Results are presented as fold changes compared to sham-irradiated cells; 

and are representative of two independent experiments (n = 2). C, Nuclear extracts from 

BV-2 cells treated with Fenofibrate and/or radiation were subject to immunoblotting for 

p65 subunit of NF-κB. β-actin was used as the loading control.  Results are representative 

of two independent experiments (n = 2). 
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Figure 7: PPARα activation in the microglia leads to negative regulation of the AP-1 

pathway. A, BV-2 cells were treated with vehicle or 100 μM Fenofibrate, irradiated and 

nuclear proteins were collected 1 h post-irradiation and used for EMSA using 

radiolabeled AP-1 consensus oligos.  Results are presented as fold changes compared to 

sham-irradiated cells. Mean ± S.E.M; *, p< 0.05 vs. sham-irradiated cells; #, p< 0.05 vs. 

10 Gy; n = 3.  B, Nuclear extracts from A were subject to western blotting for phospho-c-

jun. Total c-jun was used as the loading control.  Results are representative of two 

independent experiments (n = 2).  C, BV-2 cells were treated with vehicle or 5 μM 

SP600125 for 1 h, irradiated using a single dose of 10 Gy and nuclear proteins isolated 

and subjected to immunoblotting for phospho-c-jun.  Total c-jun was used as the loading 

control; results are presented as fold changes compared to sham-irradiated cells.  Mean ± 

S.E.M; *, p< 0.05 vs. sham-irradiated cells; #, p< 0.05 vs. 10 Gy; n = 3. 
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Figure 8: Proposed model outlining the role of PPARα in the modulation of 

radiation-induced microglial pro-inflammatory response.  In the microglial cells, 

radiation leads to an increase in expression of pro-inflammatory mediators TNFα, IL-1β 

and Cox-2 all of which might contribute to augmented neuroinflammation.  In addition, 

these mediators appear to be regulated by the increased activities of NF-κB and AP-1 

following radiation.  Pre-treating the microglial cells with PPARα ligands, Fenofibrate 

and GW 7647, inhibit the radiation-induced increase in TNFα, IL-1β and Cox-2, in part, 

by preventing the activation of NF-κB and AP-1.  Thus, PPARα ligands represent a novel 

class of agents that could inhibit the radiation-induced microglial pro-inflammatory 

response and the resulting neuroinflammation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

98 
 



 

 

 

 

 

99 
 



SUPPLEMENTAL FIGURE LEGEND 
 

Supplemental Figure S1:  The PPARα agonist, GW7647, inhibits the radiation-

induced increase in Cox-2 protein and DNA binding of NF-κB and AP-1.  A, BV-2 

cells were treated with either vehicle or 1 µM GW7647 for 24 h, irradiated using a single 

dose of 10 Gy and total cell lysate was collected 7 h post-irradiation and subjected to 

immunoblotting for Cox-2 as previously stated.  Graph represents densitometry compared 

to sham-irradiated cells from one experiment (n=1). B,  BV-2 cells were treated with 

either vehicle or 1 µM GW7647, irradiated using a single dose of 10 Gy and nuclear 

protein was collected 1h post-irradiation and subjected to EMSA as previously stated.  

Mean ± S.E.M; n=2.  
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Supplemental Figure S2: The NOS inhibitor L-NAME fails to inhibit the radiation-

induced increase in intracellular ROS generation. A, BV-2 cells were treated with 

vehicle or 1 mM L-NAME for 1 h, irradiated using a single dose of 10 Gy and 

intracellular ROS generation was measured 1h post-irradiation as previously stated.  

Mean ± S.E.M; *, p< 0.05 vs. 0 Gy; n=3.  
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CHAPTER IV 
 
 

THE PPARα AGONIST, FENOFIBRATE, PRESERVES HIPPOCAMPAL 
NEUROGENESIS AND INHIBITS MICROGLIAL ACTIVATION FOLLOWING 

WHOLE-BRAIN IRRADIATION  
 

Sriram Ramanan, Mitra Kooshki, Weiling Zhao, Fang-Chi Hsu, David R. Riddle,  
Mike E. Robbins 
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ABSTRACT 

Whole-brain irradiation (WBI) is the primary mode of treatment for brain 

metastases.  However, it can lead to cognitive impairment several months to years after 

irradiation.  At present, there are neither long-term treatments nor any preventive 

strategies for this significant radiation-induced late-effect.  Previous studies indicate that 

WBI leads to impairments in hippocampal-dependent spatial learning and memory that are 

associated with neuroinflammation characterized by an increase in the number of activated 

microglia.  Preserving hippocampal neurogenesis and inhibiting microglial activation 

following WBI represent key strategies to minimize WBI-induced morbidity.  We 

hypothesized that the peroxisomal proliferator-activated receptor (PPAR)α agonist, 

fenofibrate, would prevent the WBI-mediated decrease in hippocampal neurogenesis by 

inhibiting microglial activation.  WBI (10 Gy of 137Cs γ rays) of adult 129S1/SvImJ mice 

lead to a significant decrease in the number of newborn hippocampal neurons (BrdU+/ 

NeuN+) 2 months post-WBI.  Fenofibrate prevented this WBI-mediated decrease in 

neurogenesis by promoting the survival of newborn cells in the granule cell layer/sub-

granular zone.  This improved neurogenesis following fenofibrate treatment was 

associated with decreased microglial activation in the dentate gyrus following WBI.  The 

neuroprotective effects of fenofibrate were abolished in PPARα knock-out mice, 

indicating a PPARα-dependent mechanism(s).  These data highlight a novel role for 

PPARα ligands in improving neurogenesis following WBI, and offer the promise of 

improving the quality of life for brain cancer patients receiving radiotherapy.  
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INTRODUCTION 

  Of the ~ 1.5 million new cancer patients estimated in the U.S in 2009, up to 30% 

will develop brain metastases[1,2].  Large-field partial or whole-brain irradiation (WBI) 

is the primary mode of treatment for brain metastases; approximately 170,000 patients 

are treated annually with cranial irradiation[2].  Unfortunately, up to 50% of brain tumor 

patients who survive ≥ 6 months post-irradiation will develop progressive, cognitive 

impairment[3].  This cognitive dysfunction is evident often as deficits in hippocampal-

dependent learning and memory, including spatial information processing[3,4].  

Moreover, it has been suggested that the severity of cognitive impairment correlates with 

the radiation dose delivered to the medial-temporal lobe, the site of the hippocampus[5].  

  The exact mechanisms involved in the development and progression of 

radiation-induced brain injury are unknown. However, studies on both rodents and 

human tissue samples indicate that WBI has a detrimental effect on hippocampal 

neurogenesis[6,7].  Active neurogenesis occurs throughout adulthood in a specialized 

region of the hippocampus called the dentate gyrus[8](DG).  Neural precursor cells 

residing in the sub-granular zone (SGZ) of the DG give rise to new neurons which 

functionally integrate into the granule cell layer (GCL) of the hippocampus[9].  The 

extreme sensitivity of these neural precursor cells to irradiation has been demonstrated 

previously[6,10,11].  Irradiation of the rat brain leads to a marked decrease in the number 

of newborn mature and immature neurons in the DG, associated with impairments in 

hippocampal-dependent cognitive tasks [12,13].  This WBI-induced decrease in 

neurogenesis has been linked with neuroinflammation, evidenced as a marked increase in 

the number of activated microglia[6,13].  Specifically, inhibiting microglial activation 
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using indomethacin and minocyclin partially restores neurogenesis[14,15].  Thus, anti-

inflammatory strategies might be effective in preserving hippocampal neurogenesis and 

ameliorating radiation-induced cognitive impairment.    

  Peroxisomal proliferator-activated receptor (PPAR)α is a nuclear receptor 

belonging to the PPAR family of ligand-activated transcription factors[16].  PPARα has 

been shown to play a major role in regulating inflammatory processes.  In vitro, PPARα 

agonists inhibit pro-inflammatory responses in a variety of cell types, including microglia 

and astrocytes[17].  Moreover, PPARα agonists confer neuroprotection in a variety of 

preclinical models, including stroke, experimental autoimmune encephalomyelitis and 

Parkinson’s disease [18].  We previously reported that pre-treating BV-2 murine 

microglial cells with the PPARα agonist, fenofibrate, inhibited the radiation-induced pro-

inflammatory response, via negative regulation of NF-κB and AP-1 pathways[19].  We 

hypothesized in this study that fenofibrate would ameliorate the WBI-induced decrease in 

hippocampal neurogenesis, in part, via inhibiting microglial activation. This study opens 

up avenues for exploring strategies not only to manage radiation-induced cognitive 

impairment but also to enhance neurogenesis following various inflammatory CNS 

disorders.  

 

MATERIALS AND METHODS 

Animals and irradiation procedures 

  Adult mice, 12-16 weeks old were used in these studies.  PPARα KO mice 

(129S4/ScJac-Pparatm/Gonz, Jackson Laboratory, Bar Harbor, Maine, Stock # 003580) and 

their appropriate wild-type controls (129S1/SvImJ, Jackson Laboratory, stock # 002448) 
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were housed in specific pathogen free conditions, five mice/cage with free access to 

drinking water and standard mouse chow (Harlan Teklad, Madison, WI).  All animal 

handling and experiments were performed in strict accordance with the Declaration of 

Helsinki and the NIH Guide for Care and Use of Laboratory Animals as approved by the 

WFUSM Institutional Animal Care and Use Committee.  Mice were randomly divided 

into 4 groups (n = 4-6 per group): 1) Sham-irradiation and control diet, 2) Sham-

irradiation and fenofibrate (Fen; 0.2% w/w, Sigma-Aldrich, St.Louis, MO), 3) WBI and 

control diet, 4) WBI and fenofibrate.  The composition of the control diet has been 

described previously[20].  Mice were started on their respective diets 14 days prior to 

WBI and maintained on these until euthanized (1-week or 2-months post-irradiation).  

Prior to irradiation, mice were anesthetized using a ketamine/ xylazine mixture injected 

i.p. (150/10 mg/kg body weight,[BW]).  WBI was performed using a 7,214 Ci, self-

shielded 137Cs irradiator using lead and Cerrobend shielding devices so that the whole 

brain, including the brain stem, was irradiated, while the eyes and the rest of the body 

were shielded.  Irradiated mice received a single dose of 10 Gy γ-rays at a dose rate of 

3.33 Gy/min with half the dose (5 Gy) delivered to each side of the head.  Sham-

irradiated mice were anesthetized but were not irradiated.  All mice were weighed weekly 

and no significant weight loss was observed in any of the groups (data not shown).  

Bromodeoxyuridine (BrdU) injection 

  One month post-WBI, mice received 50 mg/kg BW of BrdU injected i.p every 

day for 7 days.  Three weeks after the last BrdU injection, i.e. 2 months post-WBI, 

animals were euthanized and tissues were processed as outlined below.  The 

dose/regimen of BrdU used in our study has been shown to preferentially incorporate into 
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DNA during synthesis phase[6,11].  Moreover, it has been demonstrated recently that 

BrdU was not significantly incorporated during DNA damage repair following brain 

irradiation and in post-mitotic neurons even when a high dose of BrdU was directly 

infused into the brain[21].    

Tissue processing 

  Animals were deeply anesthetized using a ketamine/xylazine mixture (200/10 

mg/kg BW) and perfused with phosphate-buffered 4% paraformaldehyde.  Brains were 

isolated and cryoprotected in 10%, 20%, and 30% sucrose and then frozen in tissue 

embedding medium.  Coronal sections containing the hippocampus (40-μm thickness) 

were sectioned on a freezing stage using a cryostat, collected in anti-freeze solution 

(1:1:2 ethylene glycol, glycerol and 0.1 M phosphate-buffered saline) and stored at -

20°C.  

Immunohistochemistry and immunofluorescence 

  For all immunostaining experiments, tissue sections were chosen based on 

systematically random sampling.  Depending on the antibody used, a 1-in-12 series 

(CD68 staining, BrdU/NeuN and BrdU/Iba-1 staining) or a 1-in-8 series (Ki67) of 

sections representing the entire anterior-to-posterior extent of the DG were washed in 

Tris-buffered saline (1X TBS; pH 7.4).  For immunohistochemical (IHC) staining, 

sections were treated with 1% H2O2 in 1X TBS to block endogenous peroxide activity.  

For Ki67 IHC, antigen retrieval was performed by boiling the sections in 10 mM sodium 

citrate pH 6 for 10 min prior to the H2O2 step.  Sections were first incubated for 1 h in 

blocking solution (5% normal serum, 0.3% Triton X-100 in 1X TBS) and then overnight 

at 4° C in primary antibody diluted in blocking solution.  The primary antibodies used 
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were rabbit α-Ki67 (labels mitotic cells; 1:200; Abcam, Cambridge, MA), rat α-CD68 

(clone FA-11, labels activated microglia; 1:100; AbD Serotec, Raleigh, NC).  Ki67 and 

CD68 labeling were detected using biotinylated secondary antibodies (1:200, Vectorlabs, 

Burlingame, CA) and visualized using peroxidase-conjugated avidin-biotin complex 

(ABC Elite kit) with either SG (Ki67) or nickel-enhanced DAB (CD68) substrate 

(Vectorlabs, Burlingame, CA).  For immunofluorescence staining, sections were treated 

with 2 M HCl at 37° C to denature the DNA and subsequently washed in 1X TBS pH 8.5 

to neutralize the acid.  The sections were then incubated for 2 h in blocking solution 

(10% normal serum, 0.3% Triton X-100 in 1X TBS) and then overnight at 4° C with rat 

α-BrdU (1:200; AbD Serotec, Raleigh, NC) and either mouse α-NeuN (1:200; 

Chemicon, Billerica, MA) or rabbit α-Iba-1 (1:200; Wako Pure Chemicals, Richmond, 

VA).  The BrdU, NeuN and Iba-1 labeling was detected using Cy3, Alexa-Fluor® 488 

and Cy5-conjugated secondary antibodies, respectively (1:200, Jackson 

ImmunoResearch, West Grove, PA).  The DNA binding fluorescent dye 4', 6-diamidino-

2-phenylindole (DAPI; Sigma-Aldrich, St.Louis, MO) was used as a counter-stain to 

visualize anatomical landmarks.  

 

Quantitative analysis 

  All analyses were performed blindly using coded sections.  CD68 

immunolabeled activated microglia (intensely stained, punctate cells; Figure 3B, top 

panel) were counted in the GCL and hilus including the SGZ. Ramified microglia (lightly 

stained cells with processes; Figure 3B, bottom panel) were excluded from being 

counted.  The volume of the GCL and the hilus was used to normalize the CD68 counts.  
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Ki67 immunolabeled cells were counted in the SGZ region as previously described[22] 

and the length of the SGZ at the GCL-hilar border was used to standardize counts.  All 

counts were performed on an Olympus BX-60 microscope using Neurolucida software 

(MBF Biosciences, Colchester, VT).  To avoid overestimation, the cells on the top focal 

plane were excluded.  The BrdU+, BrdU+/NeuN+ and BrdU+/Iba-1+ positive cells were 

counted (in the combined GCL and SGZ) in stacks of optical sections acquired using a 

Leica TCS SP2 confocal microscope (Leica Microsystems, Bannockburn, IL).  

Depending on the antigen, counts were expressed as number of i] cells per mm3 of 

GCL+Hilus (CD68); ii] cells per mm3 of GCL+SGZ (BrdU/NeuN and BrdU/Iba-1); and 

iii] cells per mm of SGZ (Ki67)  

Statistical Analysis 

  Analysis of variance (ANOVA) was used for determining statistical significance 

between more than two experimental groups.  Tukey's studentized range test was used for 

the pairwise comparisons.  The constant variance assumption was tested using Levene's 

test for homogeneity of variance.  When the assumption of constant variance was not 

valid, the Kruskal-Wallis test was then performed.  When only two experimental groups 

were compared, 2-sample t-tests were used and Bonferroni correction was used to correct 

for multiple comparisons. 
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RESULTS 

Fenofibrate inhibited the WBI-induced decrease in newborn neurons in the 

hippocampus, affecting cell survival but not proliferation 

  Given the neuroprotective role of PPARα ligands, in other models of brain 

injury, we hypothesized that fenofibrate administration would prevent the deleterious 

effect of WBI on hippocampal neurogenesis.  As shown in Figure 1A, the WT control 

diet mice showed a 60% reduction in the number of BrdU+/NeuN+ cells in the GCL/SGZ 

at 2 months post-WBI.  This radiation-induced decrease in newborn neurons was 

prevented in the mice that received fenofibrate.  

  Consistent with previous studies[13], WBI led to a significant decrease in 

proliferation in the SGZ as evidenced by a reduction in the number of Ki67+ cells 

observed at 1-week (70%) and 2 months (85%) post-WBI (Figure 2A and B).  

Fenofibrate administration did not prevent this decrease in proliferation.  Nevertheless, 

fenofibrate increased the total number of BrdU+ cell counts up to 3-fold in the GCL/SGZ 

of the irradiated WT mice at 2 months post-WBI (Figure 2C).  These findings suggest 

that the protective effect of fenofibrate on the WBI-induced decrease in hippocampal 

neurogenesis is mediated, in part, by promoting the survival of the newborn cells 

following radiation.  

 

Fenofibrate administration prevented the WBI-induced increase in activated 

microglia 

  In vitro studies from our lab suggest that fenofibrate significantly inhibits 

radiation-induced pro-inflammatory responses in microglia[19].  Since inflammation in 
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the brain has been shown to be detrimental to neurogenesis, we hypothesized that the 

effect of fenofibrate on the newborn neurons involves inhibition of microglial activation.  

WBI of WT mice receiving control diet lead to an ~ 70% increase in the number of 

activated microglia (CD68+) in the DG at 1 week post-radiation.  As hypothesized, this 

was inhibited in the irradiated mice that received fenofibrate (Figure 3A).  The number of 

activated microglia was unaltered 2 months post-WBI in the WT mice (Figure 3A).  

Together, these data suggest that the fenofibrate-mediated preservation of hippocampal 

neurogenesis following WBI involves, in part, the inhibition of microglial activation seen 

1 week post-WBI.  

 

PPARα is required for the protective effects of fenofibrate following WBI 

  To test whether the effect of fenofibrate on hippocampal neurogenesis and 

microglial activation requires a functional PPARα, the effect of WBI on hippocampal 

neurogenesis and neuroinflammation was examined in PPARα KO mice receiving either 

the control or fenofibrate diet.  The number of BrdU+/Neu+ cells was significantly 

decreased in KO mice on the control diet at 2 months post-WBI (Figure 4A). Moreover, 

in contrast to the WT mice, these mice showed a significant increase in the number of 

activated microglia at both 1 week (data not shown) and 2 months post-WBI (Figure 4B).  

Administering fenofibrate to the KO mice failed to prevent either the decrease in the 

number of newborn neurons following radiation or the increase in activated microglia 

(Figure 4A and B).  Similarly, fenofibrate did not increase the total number of BrdU+ 

cells in the GCL/SGZ of the KO mice following WBI (Figure 4C).  These data suggest 
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that PPARα is required for the neuroprotective and anti-inflammatory effects of 

fenofibrate.  

 

DISCUSSION 

  The central finding of this study is that dietary administration of the PPARα 

ligand, fenofibrate, preserves the number of newborn hippocampal neurons following 

WBI in WT mice, in part, by decreased microglial activation.  These protective effects 

are not observed in PPARα KO mice, highlighting the importance of this nuclear receptor 

in mediating the action of fenofibrate.  To our knowledge, this is the first demonstration 

of a role for PPARα in modulating adult hippocampal neurogenesis following WBI. 

  Hippocampal neurogenesis is a complex process involving proliferation of 

progenitor cells in the SGZ, survival of the newborn cells, and differentiation as well as 

maturation of these cells into functional neurons in the GCL[23].  Measuring 

proliferation in the hippocampal neurogenic region showed that WBI significantly 

decreased SGZ proliferation at both 1-week and 2-months post-irradiation.  Of note, we 

observed a significant decrease in the basal level of proliferation in the sham-irradiated 

mice between the 1-week and 2-month cohorts (Figure 2A).  A significant decrease in 

proliferation in the rodent neurogenic zone occurs as a result of aging[9].  Therefore, our 

results imply an age-dependent decrease in SGZ proliferation as reported previously[10].  

Although administering fenofibrate had no effect on the radiation-induced decrease in 

proliferation in the SGZ, it increased survival of the newborn cells in the SGZ/GCL 

following WBI.  Our results are consistent with previous reports in which environmental 

enrichment was demonstrated to preserve the newborn hippocampal numbers following 
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WBI without altering cell proliferation[24].  One possible explanation for such a 

preferential protection might be the very process of hippocampal neurogenesis.  Although 

there is active proliferation occurring in the adult rodent brain, only a fraction of these 

cells will survive, differentiate and give rise to functional neurons[23,25].  The survival 

of the progenitor cells is largely dependent on the presence of growth factors such as 

brain-derived neuronal factor (BDNF) and vascular endothelial growth factor (VEGF) 

and expression of anti-apoptotic signaling molecules such as Bcl-2[26] .  Therefore, the 

neuroprotective effect of fenofibrate could have, in part, been through modulation of 

signaling events occurring downstream of progenitor cell proliferation. 

  A possibility arises as to whether the BrdU labeled cells in our model could be 

cells undergoing DNA damage repair following WBI and that fenofibrate treatment could 

have enhanced this repair process.  BrdU can be incorporated during DNA synthesis that 

is unrelated to cell proliferation, including normal DNA turnover or DNA repair[27].  

Moreover, there is a growing appreciation that terminally differentiated neurons can 

reenter the cell cycle and incorporate BrdU during apoptosis[28].  However, Bauer and 

Patterson  have recently demonstrated that the infusion of high doses of BrdU directly 

into the brain following irradiation does not significantly label DNA undergoing repair, 

and that labeling is not detected in vulnerable or dying postmitotic neurons [21].  Thus, 

the BrdU+ cells observed in the current study are primarily dividing cells in the 

SGZ+GCL and the neuroprotective effect of fenofibrate appears to most likely reflect 

preservation of the capacity of a sub-population of the labeled cells to give rise to GCL 

neurons following WBI.  
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  Although WBI lead to a significant decrease in BrdU+/NeuN+ cells at 2 months 

in the WT mice, it did not alter the total number of BrdU+ cells.  Previous reports have 

demonstrated that the brain microenvironment following irradiation, although detrimental 

to neurogenesis, favors gliogenesis[6,11,13].  However, measurement of proliferating 

microglia using BrdU/Iba-1 immunolabeling revealed no significant difference between 

sham-irradiated and WBI WT mice (Supplemental figure 1).  Given that the newborn 

cells in the DG are predisposed to glial differentiation in the 129Sv/J mice[29], it is likely 

that WBI, apart from its detrimental effect on the generation of newborn neurons, 

increases the total number of non-glial cells such as astrocytes. 

  Microglia represent one of the main cell-types that mediate inflammation in the 

brain.  Although required for normal functioning of the CNS, microglia can become 

activated by a variety of stimuli including radiation.  The transformation from a resting to 

an activated state results in a number of physiological changes, including upregulation of 

the lysosomal antigen macrosialin (CD68) and release of pro-inflammatory 

molecules[30].  Several studies have drawn a negative correlation between activated 

microglia and neurogenesis[11,15].  Although the exact mechanism(s) is unknown, the 

deleterious effects on newborn neurons have been attributed to the actions of pro-

inflammatory mediators such as tumor necrosis factor alpha, interleukin 1 beta and 

cyclooxygenase-2 which are secreted by activated microglia.  Indeed, transgenic 

overexpression of these molecules induces behavioral and memory impairments in 

rodents[31-33].  Given the potent anti-inflammatory effect of PPARα ligands in 

mitigating the radiation-induced pro-inflammatory responses in microglial cells in vitro 

[19], we hypothesized that the mechanism of neuroprotection by fenofibrate involves, in 
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part, inhibition of the WBI-induced increase in activated microglia.  Indeed, fenofibrate 

administration prevented the increase in the number of CD68+ cells in the DG at 1 week 

post-irradiation.  Moreover, the number of activated microglia returned to control levels 

by 2 months post-WBI, the time point at which we observed a significant decrease in the 

number of newborn neurons.  These data suggest that in the WT mice, the radiation-

induced neuroinflammatory response characterized by increased microglial activation is 

one of the key components driving the detrimental effects of radiation on ongoing 

hippocampal neurogenesis.  

  Some studies have documented that fenofibrate can act independently of 

PPARα[34,35].   Thus, we investigated whether PPARα is required for the 

neuroprotective and anti-inflammatory properties of fenofibrate.  The genetic ablation of 

PPARα prevented the protective effect of fenofibrate following WBI.  These results are 

consistent with previous findings that PPARα activation is required for fenofibrate to 

reduce the severity of cerebral ischemia[36].  More importantly, these findings highlight 

the critical role played by PPARα in modulating radiation-induced brain injury, as well as 

providing mechanistic insight into the neuroprotective and anti-inflammatory properties 

of fenofibrate.  

  We observed a marked difference in the response of the microglial cells to WBI 

between the WT and PPARα KO mice.  While the number of activated microglia 

returned to control levels by 2 months post-WBI in the WT mice, they remained 

significantly elevated in the KO mice.  This suggests that the KO mice show a sustained 

neuroinflammatory response following WBI.  These findings are not surprising; PPARα 

KO mice exhibit a prolonged response to inflammatory stimuli such as lipopolysacharide 
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and leukotriene B4[37,38].  Thus, it is possible that the lack of PPARα enhances the basal 

level of inflammation and thereby leads to a protracted microglial response to radiation 

injury.  

  Clinically, radiation-induced brain injury is characterized by a progressive, 

cognitive impairment[3,4].  One caveat to our studies is our inability to perform 

behavioral analyses in the WT and PPARα KO mice.  These mice have a 129/sv 

background and perform poorly in cognitive function tasks due to defects in their corpus 

callosum[39].  Nevertheless, we demonstrate that fenofibrate, acting via the PPARα 

receptor, prevents the deleterious effect of WBI on hippocampal neurogenesis and 

inhibits microglial activation.   

In addition to its role in controlling inflammation in various normal tissues, 

PPARα ligands have been increasingly recognized as potent anti-tumor agents. PPARα 

expression and activity has been documented in several cancer cell lines including 

glioblastoma, colon, breast and prostate cancer[40].  In melanoma cells, fenofibrate 

inhibited cell migration and colony formation in soft agar by downregulating Akt 

phosphorylation in vitro and prevented the establishment of lung metastases in 

vivo[41,42].  Fenofibrate also inhibited IGF-1 induced growth of medulloblastoma 

cells[43].  In a recent study, fenofibrate potently inhibited primary tumor formation in 

mice by regulating pro-angiogenic and pro-inflammatory pathways[40].  Therefore, it is 

hypothesized that in primary/metastatic brain cancer patients, fenofibrate could enhance 

the radiation-induced tumor kill in addition to preventing the detrimental effects on 

hippocampal neurogenesis.   
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In summary, we have demonstrated that fenofibrate prevents the deleterious effect 

of WBI on hippocampal neurogenesis in a PPARα-dependent manner and this 

neuroprotection is associated with decreased microglial activation.  Fenofibrate is FDA-

approved for the treatment of hypercholesterolemia and hypertriglyceridemia[16], can 

cross the blood brain barrier[36] and is well tolerated in humans.  Therefore, our data 

illustrate that fenofibrate may be a promising therapy to prevent radiation-induced brain 

injury and improve the quality of life of cancer patients receiving brain irradiation.  

 

LIST OF ABBREVIATIONS 

WBI, Whole-brain irradiation; PPARα, peroxisomal proliferator-activated receptor alpha; 

DG, dentate gyrus; GCL, granule cell layer; SGZ, sub-granular zone; Gy, Gray; WT, 

wild-type; KO, knock-out; BrdU, bromodeoxyuridine; Iba-1, ionized Ca2+ calcium 

binding adaptor protein-1 ; NeuN, neuronal nuclei.   
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FIGURE LEGENDS 

Figure 1. Dietary administration of fenofibrate prevents the WBI-induced decrease in 

number of newborn neurons in the mouse hippocampus.  A). A significant decrease in the 

number of newborn neurons (BrdU+/NeuN+) in the GCL/SGZ was observed 2 months 

post-WBI.  This was prevented in the mice that received fenofibrate (0.2% w/w) in their 

diet.  Data are presented as Mean ± SEM; n=4 mice/group; an average, 6-8 

sections/animal were double-labeled fluorescently using α-BrdU (proliferation) and α-

NeuN (neuron) antibodies and labeled cells counted using a confocal microscope; * 

p<0.05 vs. 0 Gy; # p<0.05 vs. 10 Gy.  B). Representative confocal microscope images 

showing cells stained for NeuN (green; left) and BrdU (red; center).  A merged image 

depicting double-positivity (yellow) is shown on the right. 
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Figure 2. Fenofibrate does not prevent the WBI-induced decrease in proliferation in the 

SGZ but increases the number of BrdU+ cells in the DG following WBI.  A). The number 

of Ki67+ cells in the SGZ was significantly decreased at 1-week and 2 months post-WBI; 

this was unaffected by fenofibrate.  Data are presented as Mean ± SEM; n=4 mice/group; 

an average 6-8 sections were stained using α-Ki67 antibody and counted/animal; * 

p<0.05 vs. 0 Gy; # p< 0.05 vs. 1-week 0 Gy; n.s not significant vs. 10 Gy.  B). 

Representative images showing Ki67+ cells in the SGZ of mice 1 week after sham or 

WBI with or without fenofibrate administration (a, Sham diet 0 Gy; b, Fen diet 0 Gy; c, 

Sham diet 10 Gy; d, Fen diet 10 Gy) Scale bar = 25 µM.  C). The number of newly 

generated (BrdU+) cells significantly increased at 2 months post-WBI in the GCL/SGZ of 

the fenofibrate-fed WT mice compared to the control diet-fed animals. Data are presented 

as Mean ± SEM; n=4 mice/group; an average of 6-8 sections were stained using α-BrdU 

antibody (1:100) and counted/animal; # p<0.05 vs. 10 Gy. 
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Figure 3. Fenofibrate prevents the WBI-induced increase in number of activated 

microglia.  A). A significant increase in CD68+ (activated microglia) cells was observed 

at 1 week post-WBI in the dentate gyrus; this increase was prevented in the fenofibrate-

fed mice.  At 2 months post-WBI, the CD68 numbers were similar in all four treatment 

groups.  Data are presented as Mean ± SEM; n=4 mice/group and an average of 6-8 

sections were stained using α-CD68 antibody (1:100) and counted/animal; * p<0.05 vs. 0 

Gy; # p<0.05 vs. 10 Gy; n.s not significant vs 0 Gy.  B). Representative images of 

ramified and activated microglia detected by the α-CD68 antibody in the mouse hilus.  

Arrows depict activated (arrows, top panel) and resting microglia (arrows, bottom panel).  

Scale bar = 5 µM. 
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Figure 4. The anti-inflammatory and neuroprotective actions of fenofibrate are PPARα 

dependent.  WBI leads to both a significant decrease in the number of BrdU+/NeuN+ cells 

in the GCL/SGZ (A) and a significant increase in the number of CD68+ cells in the 

dentate gyrus of PPARα KO mice (B).  Dietary administration of fenofibrate to the KO 

mice failed to prevent either the decrease in the newborn neurons or the increase in 

CD68+ cells following WBI.  * p<0.05 vs. 0 Gy; n.s not significant vs. 10 Gy.  Data are 

presented as Mean ± SEM; n=4 mice/group; an average of 6-8 sections/animal were 

stained and counted.  C). The number of newly generated (BrdU+) cells was unchanged at 

2 months post-WBI in the GCL/SGZ of the fenofibrate-fed KO mice compared to the 

control diet-fed animals.  Data are presented as Mean ± SEM; n=4 mice/group; an 

average of 6-8 sections were stained using α-BrdU antibody (1:100) and counted/animal; 

n.s not significant vs. either 0 Gy or 10 Gy; 
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Supplementary Figure S1. WBI does not alter microglial proliferation in the mouse 

hippocampus at 2-months post-irradiation. A). The number of proliferating microglia 

(BrdU+/Iba-1+) was counted in the GCL/SGZ of WT mice at 2 months post-WBI.  Data 

are presented as Mean ± SEM; n=3 mice/group; n.s = non-significant; an average, 6 

sections/animal were double-labeled fluorescently using α-BrdU (proliferation) and α-

Iba-1 (microglia) antibodies and labeled cells counted using a confocal microscope. B). 

Representative confocal microscope images showing cells stained for Iba-1 (green; top 

left), BrdU (red; top right) and NeuN (blue; bottom left).  A merged image depicting a 

proliferating microglia (yellow) is shown in the bottom right panel. 
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CHAPTER V 
 
 

GENERAL DISCUSSION 
 
 

Advances in treatment modalities and health care have lead to an increase in the 

population of long-term cancer survivors; 62% of adult cancer patients survive beyond 5 

years.  These long-term survivors are at a significant risk for developing late effects. 

More specifically, up to 50% of adult primary and metastatic brain cancer patients who 

survive > 6 months post-WBI will develop progressive, cognitive impairment [1,2].  

Approximately 170,000 adult brain cancer patients receive WBI every year in the US [3].  

At present, there is no long-term treatment or preventive strategy for this radiation-

induced morbidity. 

The pathogenesis and mechanism of radiation-induced brain injury are poorly 

understood.  Classically, radiation-induced late effects in the CNS were thought to 

involve only the vascular or the glial compartments of the brain [4].  According to the 

vascular hypothesis, radiation-induced ischemia as a result of vascular damage and 

endothelial cell dysfunction served as a basis for radiation-induced necrosis [5,6].  

Alternatively, the glial hypothesis stated that radiation lead to the dysfunction of both 

mature and progenitor oligodendrocytes ultimately contributing to white matter necrosis 

[7,8].  However, both these hypotheses have two main inconsistencies.  Firstly, they 

presume that radiation only affects a single target cell population in the brain.  This 

assumption is too simplistic since all cell types in the brain are engaged in innumerable 

intracellular and intercellular interactions involving autocrine, paracrine and juxtacrine 

signaling [4].  Secondly, both hypotheses regard frank histopathological changes as 
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functional endpoints to assess radiation-induced late effects.  In sharp contrast, both 

clinical and experimental findings suggest that radiation-induced cognitive impairment 

can occur in the absence of gross histopathological changes such as demyelination and 

white-matter necrosis [9,10].  Together, these data suggest that radiation-induced brain 

injury is a very complex process and a more subtle pathological mechanism(s) appears to 

be involved. 

Increasing evidence points to the detrimental effect of WBI on hippocampal 

neurogenesis as one of the plausible mechanisms of radiation-induced cognitive 

impairment.  Animals in which hippocampal neurogenesis was ablated by WBI 

performed poorly in cognitive tasks involving hippocampal function [11].  In addition, 

these animals showed a significant increase in the brain inflammatory response as 

measured by an elevation in the number of activated microglia in the hippocampal region 

[11,12].  Brain inflammation, apart from being deleterious to neurogenesis, has also been 

shown to regulate the integration of the newborn hippocampal neurons into the GCL thus 

affecting their functionality [13,14].  Therefore, targeting the neuroinflammatory 

response following WBI is an attractive therapeutic strategy to preserve hippocampal 

neurogenesis and ultimately ameliorate radiation-induced cognitive impairment. 

PPARα, apart from playing a major role in metabolism, has been under intense 

scrutiny in recent years for its role in regulating cellular inflammation.  With regard to the 

brain, PPARα ligands have been shown to inhibit both cytokine- and LPS-induced pro-

inflammatory responses in the microglia and astrocytes in vitro [15].  Several pre-clinical 

studies have demonstrated that PPARα ligands are neuroprotective and anti-inflammatory 

in experimental models of stroke, Parkinson’s disease and multiple sclerosis [16-18]. 
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However, the role of PPARα in radiation-induced brain injury was unknown.  In this 

body of work, we hypothesized that activation of PPARα would inhibit the radiation-

induced microglial pro-inflammatory response and subsequently ameliorate radiation-

induced brain injury.  

Irradiating the BV-2 microglial cells lead to a dose-dependent increase in 

intracellular ROS generation (Chapter III).  Certain reactive molecular species such as 

H2O2 are highly cell permeable and therefore can diffuse out of cells and mediate both 

physiological and toxic effects particularly on neuronal precursor cells and 

oligodendrocytes [19,20].  More importantly, increased ROS can act as second 

messengers and activate numerous redox-sensitive transcription factors and kinases 

ultimately culminating in an inflammatory response [21].  Indeed, we observed a 

significant increase in the activation of AP-1 and NF-κB (Chapter III).  Both of these 

transcription factors can be activated by diverse stimuli including cytokines, bacterial 

cell-wall components and ROS and are known to mediate the transcription of a variety of 

genes involved in inflammation, survival, apoptosis and immunity [22,23].  Although 

required for the normal development of the brain, the AP-1 and NF-κB pathways appear 

to be deregulated in several CNS disorders.  An up-regulation of c-jun activity has been 

observed following neuronal injury [24].  In addition, mutating the activating 

phosphorylation sites on c-jun protects against neuronal apoptosis in the hippocampus 

[25].  Similarly, in an experimental spinal cord injury model, the p65 subunit of NF-κB 

was chronically activated in the microglia, endothelial cells and neurons adjacent to the 

lesion [26].  Inhibitors of NF-κB activation have been shown to prevent neuronal death 

due to excitotoxicity [27].  With reference to radiation, a significant increase in the DNA 
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binding activity of AP-1 and NF-κB was observed within hours following rat WBI 

[28,29].  Also, radiation induced neuronal precursor cell apoptosis via c-jun 

phosphorylation [30].  Together these data suggest that AP-1 and NF-κB might play a 

pro-inflammatory role during radiation-induced brain injury.  

In addition to the activation of AP-1 and NF-κB, a marked increase in the 

microglial pro-inflammatory response characterized by increases in TNFα and IL-1β 

message levels and Cox-2 protein levels was observed in the BV-2 cells following 

radiation (Chapter III).  Using specific inhibitors of AP-1 and NF-κB we deduced that the 

radiation-induced increase in 1] TNFα and Cox-2 was primarily regulated by AP-1 and 2] 

the increase in IL-1β was regulated by both AP-1 and NF-κB.  These data established a 

relationship between the activation of these transcription factors and expression of pro-

inflammatory mediators in the microglial cells following radiation.  Earlier studies have 

demonstrated that irradiation of the rodent brain leads to a significant increase in the gene 

expression of TNFα, IL-1β and Cox-2 acutely (4-24 h) [31] and that of TNFα chronically 

(up to 6 months) [32].  Although the relationship between these changes and late effects 

has not been elucidated, radiation-induced edema, a potentially life-threatening morbidity 

observed in essentially all glioma patients treated with radiation, appears to be dependent 

on Cox-2 activity [33].
 
  Furthermore, a clue to the function of these pro-inflammatory 

mediators in radiation injury is suggested from studies with other models of brain injury.  

Elevated levels of TNFα and IL-1β  have been observed in several neuropathological 

situations such as Alzheimer’s disease, multiple sclerosis and cerebra ischemia [34-38].  

Preclinical studies have demonstrated that transgenic overexpression of TNFα, IL-1β and 

Cox-2 leads to impairments in learning and memory in rodents [39-41].  In addition to 
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inducing neuronal precursor cell apoptosis in vitro, increased TNFα and IL-1β levels in 

the hippocampus can affect synaptic plasticity by inhibiting long-term potentiation 

[42,43].  These data suggest that inhibiting the pro-inflammatory response following 

radiation, is an attractive strategy to modulate radiation-induced brain injury.      

Given the potent anti-inflammatory effects of PPARα ligands in a variety of cell 

types, we hypothesized that the radiation-induced microglial pro-inflammatory response 

would be attenuated by activation of PPARα.  Consistent with this, we observed that pre-

treatment of the BV-2 cells with either GW7647 or fenofibrate significantly inhibited the 

radiation-induced increase in microglial TNFα, IL-1β message levels and Cox-2 protein 

levels (Chapter III).  Mechanistically, PPARα ligands mediated their anti-inflammatory 

effects via inhibition of the DNA binding activity of 1] AP-1 (by preventing the 

radiation-induced phosphorylation of c-jun in the nucleus) and 2] NF-κB (by inhibiting 

the nuclear translocation of the p65 subunit).  Overall, our in vitro findings established 

that PPARα ligands are potent and efficacious in inhibiting the radiation-induced 

microglial pro-inflammatory response [44].  

Given the inverse correlation between microglial activation and hippocampal 

neurogenesis [45], we hypothesized that administering the PPARα ligand, fenofibrate, in 

the mouse diet would preserve neurogenesis, in part, by inhibiting the microglial 

activation following WBI.  Confirming previous studies, irradiating the brains of control 

diet-fed 129S1/SvImJ mice lead a significant decrease in the number of newborn neurons 

in the DG 2-months post-radiation (Chapter IV).  However, this effect was significantly 

prevented in the irradiated mice that received fenofibrate in the diet.  This 

neuroprotective effect of fenofibrate is partly via increased survival of the newborn cells 
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in the GCL+SGZ of the WT mice (Chapter IV).  These data suggest that fenofibrate 

potently inhibits the detrimental effect of WBI on hippocampal neurogenesis.  

Although we observed a reduction in the number of newborn neurons in the 

hippocampus, the total BrdU+ cells did not alter following WBI.  There is a possibility 

that the decrease in the number of newborn neurons following WBI could have occurred 

together with increased gliogenesis.  Several reports suggest that WBI drives the neuronal 

precursor cells to adopt a glial fate [11,46,47].  A single dose of 10 Gy to both the post-

natal and adult rodent brain lead to a decrease in the number of newborn mature and 

immature neurons in conjunction with a significant increase in proliferation of 

oligodendrocytes and microglia [46].  Whether this occurs in our model is currently being 

investigated in our lab. 

Several studies have attributed the ablation of neurogenesis following WBI to a 

neuroinflammatory response characterized by increased microglial activation [12,47].  

Although measuring the levels of pro-inflammatory mediators secreted by activated 

microglia in vivo has been a challenge, a robust method of measuring activated microglia 

is to label them for the lysosomal antigen, macrosialin also known as CD68 [11,48].  We 

observed that, in the WT mice, fenofibrate administration prevented the increase in the 

number of CD68+ cells in the DG and hilus at 1-week post-WBI (Chapter IV).  

Interestingly, the number of activated microglia returned to control levels by 2 months 

post-WBI, the time at which we observed a significant inhibition of hippocampal 

neurogenesis.  This is in contrast to other reports which demonstrate that a decrease in the 

number of newborn neurons was associated with a increase in activated microglia 1-3 

months post-WBI [48,49].  However, such studies were performed in mice on a C57/BL6 
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background and the discrepancy in the data might be due to mouse strain differences.  

Nevertheless, in our model, the microglial response to radiation appears to be an early 

event suggesting that microglial activation might be one of the key stimuli driving the 

deleterious effect of WBI on hippocampal neurogenesis ultimately contributing to 

radiation-induced brain injury.  More importantly, prevention of this microglial response 

by fenofibrate might be a potential explanation for the maintenance of neurogenesis 

following WBI.  

Since certain fibrates including bezafibrate and fenofibrate have been known to 

play an anti-inflammatory role independent of PPARα in particular cell systems [50-52], 

the question arose as to whether fenofibrate is acting via the PPARα receptor to mediate 

the inhibition of microglial activation and preservation of hippocampal neurogenesis 

following WBI.  To address this, the above experiments were conducted in the PPARα 

KO mice.  Indeed, genetic ablation of PPARα blocked the protective effects of 

fenofibrate following WBI (Chapter IV).  These data, not only highlight the importance 

of PPARα in modulating radiation-induced brain injury, but also provide a mechanistic 

insight into the neuroprotective effects of fenofibrate.        

A striking difference in the radiation response of the microglial cells could be 

observed between the WT and PPARα KO mice.  Although the number of activated 

microglia returned to control levels by 2 months post-WBI in the WT mice, they 

remained significantly elevated in the KO mice (Chapter IV).  This suggests that the KO 

mice show a persistent neuroinflammatory response following WBI.  The sensitivity of 

the PPARα KO mice to inflammatory stimuli has been previously documented.  These 

mice exhibit a prolonged response to treatment with LPS and leukotriene B4 [53,54]. 
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Also, they develop a physiologically aged phenotype earlier in life compared to the WT 

mice indicating a role for PPARα in maintaining the cellular redox balance [55].  

Therefore, the absence of PPARα might alter this balance thereby increasing the basal 

level of inflammation and leading to a sustained microglial response to radiation injury. 

In this thesis, we elucidated the role of PPARα ligands in modulating microglial 

activation following WBI and preventing the deleterious effects of radiation on 

hippocampal neurogenesis.  However, it is important to appreciate that the radiation 

response of the CNS is a multicellular and multifactorial process involving autocrine, 

paracrine and juxtacrine signaling among the different cell types in the brain [4].  Each 

cell type responds in a unique manner and contributes to radiation-induced brain injury.  

The following discussion will pertain to the radiation response of astrocytes, neurons, 

oligodendrocytes and brain endothelial cells.  

Astrocytes constitute about 50% of the total glial cells in the brain and outnumber 

the neurons 9 to 1 [56].  Traditionally thought to play a mere supporting role, astrocytes 

have now been recognized to perform diverse functions in the CNS including modulation 

of synaptic transmission and secretion of neurotophic factors such as basic fibroblast 

growth factor to promote neurogenesis [57].  Astrocytes have been shown to protect 

endothelial cells and neurons from oxidative injury [58].  Also, juxtacrine signaling 

between astrocytes and endothelial cells is critical for generation and maintenance of a 

functional blood-brain barrier (BBB), a structure that restricts the entry of blood-borne 

elements into the CNS [59].  In response to injury, astrocytes undergo proliferation, 

exhibit a hypertrophic nuclei and cell body and show increased expression of glial 

fibrillar acidic protein, GFAP [57,60].  These reactive astrocytes secrete a host of pro-
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inflammatory mediators such as Cox-2 and intercellular adhesion molecule-1 (ICAM-1) 

which may aid in the infiltration of leukocytes into the brain via BBB breakdown [61].  

Irradiating the rat and mouse brain increases the GFAP protein levels both acutely (24 h) 

and chronically (4-5 months) [31,62].  In vitro, conditioned media from irradiated 

microglial cells has been shown to induce astrogliosis which might contribute to 

radiation-induced edema [63].  However, the exact role of astrocytes in the pathogenesis 

of radiation-induced brain injury is still unknown. 

Neurons, once considered to be a radio-resistant population due to their post-

mitotic nature, have recently been demonstrated to be sensitive to radiation.  Single doses 

of 5 and 10 Gy acutely inhibited the ability of the neurons to transmit synaptic potentials 

and also the capability of those synaptic potentials to generate spikes in hippocampi of 

guinea pigs [64].  More recently, it has been demonstrated that WBI-induced cognitive 

impairment is associated with alterations in the N-methyl-D-aspartic acid (NMDA) 

receptor subunits important for synaptic transmission and/or plasticity [65].  Interestingly, 

these changes appeared in the absence of any alteration in the total number of neurons 

following WBI [66].  Therefore, radiation appears to impair neuronal function by subtle 

cellular and molecular changes that do not lead to overt neurodegeneration.  

Oligodendrocytes are terminally differentiated glial cells that give rise to the 

myelin sheath for neurons.  Irradiation of the brain and spinal cord of rats leads to a loss 

of reproductive capacity of the oligodendrocyte-2 A (O-2A) progenitor cells, which are 

the precursors and the source of new oligodendrocytes [7].  This lack of replacement of 

the oligodendrocytes might lead to radiation-induced demyelination [7,67].  In addition, 

mature oligodendrocytes are also very radiosensitive and undergo apoptosis following 
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exposure to very low doses of radiation [68].  Mechanistically, radiation-induced 

oligodendrocyte cell death has been demonstrated to occur via 1] direct p53-dependent 

apoptosis, and 2] TNFα released from irradiated microglia and/or astrocytes [69,70].  

Although radiation-induced apoptosis of oligodendrocytes is well documented, whether 

this cell type elicits an inflammatory response following WBI is unclear. 

Microvascular endothelial networks in the brain are important for the supply of 

oxygen and nutrients; they are also the most radiosensitive part of the vasculature [71].  

Endothelial dysfunction characterized by arterial wall thickening, and hyalinization has 

been considered a primary event following WBI [5,6].  As previously discussed (vascular 

hypothesis), the traditional view that endothelial cell loss as a result of ischemia is the 

primary driving force of radiation-induced brain injury has been challenged by recent 

data.  Irradiating the rat brain disrupts the neuron-vascular interaction by preventing the 

contact between the blood vessels and the proliferating cell clusters in the DG [47].  

Thus, the inability of the newborn neurons to access a functional vasculature might also 

lead to the detrimental effect of WBI on hippocampal neurogenesis.  Moreover, in 

addition to microglia and astrocytes, brain endothelial cells have been shown to induce an 

inflammatory response following irradiation.  In vivo, WBI upregulated the expression of 

adhesion molecules such as ICAM-1, E-selectin and P-selectin in the brain 

microvasculature [72].  In vitro, irradiating brain microvascular endothelial cells lead to 

similar changes in addition to increased activation of the pro-inflammatory transcription 

factor NF-κB [73,74].  Overall, these data suggest that endothelial dysfunction following 

irradiation might play an important role in 1] facilitating the breakdown of BBB and the 

trans-endothelial migration of leukocytes and 2] exacerbating brain inflammation by 
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initiating paracrine signaling with astrocytes and microglia.  Thus, the response of the 

endothelium is a critical component of radiation-induced injury in the CNS.  

From the above discussion, it can be concluded that inflammation in the brain 

cannot be solely due to a single cell population, namely, the microglia.  It is evident that 

all brain cell types might also be key players in amplifying the neuroinflammatory 

response thus contributing to radiation-induced brain injury.  

It is important to realize that the protective role of PPARα during radiation-

induced brain injury could also be multi-faceted and its anti-inflammatory role might not 

be restricted to one cell-type, i.e. the microglia.  Fenofibrate has been shown to prevent 

the development of EAE partly by inhibiting LPS-induced secretion of interleukin-12 

(IL-12) family cytokines in both astrocytes and microglia [75].  In addition, fenofibrate 

inhibited the LPS-induced increase in NF-κB DNA binding and secretion of pro-

inflammatory mediators such as TNFα, IL-1β, IL-6 in mouse astrocytes [76].  Another 

study demonstrated that in cultured human astrocytes, bezafibrate inhibited cytokine-

induced iNOS expression and promoter activity in a PPARα-independent manner [77].  

In oligodendrocyte precursor cells, the PPARα ligand WY-14643 inhibited LPS- and 

cytokine-induced ROS generation and promoted their differentiation to mature 

myelinating oligodendrocytes [78].  In brain endothelial cells, overexpression of PPARα 

protein inhibited HIV Tat protein-induced secretion of pro-inflammatory cytokines 

(TNFα, IL-1β), chemokines (CCL2) and adhesion molecules (E-selectin) by decreasing 

their gene promoter activity [79].  In cortical neurons, PPARα activation by resveratrol 

inhibited the oxygen glucose deprivation induced matrix metalloproteinase-9 (MMP-9), 

an enzyme that has been implicated in BBB disruption and white matter injury [80]. 
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Overall, these data suggest that PPARα ligands can confer neuroprotection by affecting 

multiple pathways in the various CNS cell types.  Whether PPARα ligands can modulate 

the radiation response of the non-microglial brain cell types is not known at present and 

is a subject of future study.  

Based on our findings, we propose a model for the role of PPARα in the 

regulation of radiation-induced brain injury.  Irradiating the brain leads to increased 

microglial activation, characterized by a pro-inflammatory response as evidenced by 1] 

increased activity of NF-κB and AP-1 and 2] increased levels of TNFα, IL-1β and Cox-2.  

These cytokines might diffuse into the extracellular space and act on astrocytes, 

endothelial cells, neurons and neighboring microglia, initiating a cytokine signaling 

cascade that alters the brain microenvironment in such a way that it compromises 

hippocampal neurogenesis ultimately contributing to radiation-induced cognitive 

impairment.  Activation of PPARα using ligands such as fenofibrate prevents this 

activated microglial phenotype and normalizes the brain microenvironment to promote 

the survival of the newborn cells and preserve the hippocampal neurogenesis following 

WBI.  Thus, PPARα ligands represent a novel anti-inflammatory therapeutic strategy to 

ameliorate or prevent radiation-induced late effects in patients receiving WBI for the 

treatment of primary and metastatic brain cancer.  PPARα ligands are FDA-approved for 

the treatment of hypercholesterolemia and hypertriglyceridemia under trade names that 

include Bezalip™ and Tricor™ , can cross the BBB and anti-tumorigenic [81- 83]. 

Therefore, it is hoped that the research pursued in this dissertation, in a few years, will 

become instrumental in improving the QOL of brain cancer patients. 
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CHAPTER VI 
 
 

FUTURE DIRECTIONS 
 
 

In this body of work, we demonstrated that PPARα ligands could prevent the 

detrimental effects of WBI on hippocampal neurogenesis and inhibit the 

neuroinflammatory response characterized by an increase in the number of activated 

microglia.  Furthermore, this preservation of neurogenesis was associated with an 

increased survival of newborn cells following WBI.  It is known that, in addition to 

neurons ( which constituted only ~40% of the newborn cells in this study), the neuronal 

precursors also give rise to glial cells in the DG [1].  Moreover, fenofibrate treatment 

induced a 3-fold increase in total BrdU+ cells in the DG of mice that received WBI.  

Therefore, it is possible that fenofibrate treatment, in addition to promoting neurogenesis, 

could also stimulate the survival of astrocytes/ microglia/oligodendrocytes in the 

GCL+SGZ following WBI.  Increased astrocytic and oligodendroglial proliferation has 

been linked to regeneration and remyelination following CNS injury [2,3].  A recent 

study suggested that ablation of proliferating microglia exacerbated cerebral ischemic 

injury [4].  Furthermore, proliferating microglia secreted insulin growth factor-1 (an 

inducer of neurogenesis) and appeared to regulate the pro-inflammatory response 

following ischemic injury [4].  Microglia activated by low levels of interferon-gamma 

(IFN-γ) or the anti-inflammatory cytokine IL-4 have been shown to induce neurogenesis 

and oligodendrogenesis both in vivo and in vitro [3,5-7].  Astrocytes activated in the 

above fashion confer neuroprotection by increased secretion of thiols and lactate and 

enhanced clearance of glutamate following ROS injury [8].  Therefore, the effect of 
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fenofibrate on neurogenesis could have been due, in part, to stimulating the regenerative 

capacity of non-glial cell populations in the CNS following WBI.  Therefore, future 

studies could investigate the alterations in the non-neuronal cell populations following 

WBI in the presence and absence of fenofibrate.  

The preservation of hippocampal neurogenesis by fenofibrate following WBI 

provides little if any information about the functional integrity of those newborn neurons.  

Clinically, radiation-induced brain injury manifests as a progressive, cognitive 

impairment [9-12].  Therefore, a caveat to our studies is the inability to use the existing 

mouse model to assess cognitive impairment following WBI.  The 129S1/SvImJ mice 

have defects in their corpus callosum that leave them unable to perform in cognitive tasks 

[13].  However, two alternative approaches can be proposed to overcome this problem.  

Firstly, our lab has developed an experimental rat model of radiation-induced brain injury 

in which we observe a significant cognitive impairment 6 months to 1 year after 

fractionated WBI [14].  Using this model, our lab has successfully demonstrated that 

administration of either the PPARγ agonist pioglitazone or the angiotensin type I receptor 

antagonist (AT1RA; L-158,803) prevents or ameliorates WBI-induced cognitive 

impairment as measured by the novel object recognition test [14,15].  Secondly, several 

research groups have demonstrated that a single dose (5-10 Gy) of WBI to the C57BL/J6 

mice leads to deficits during cognitive tasks [16-18].  These models could be used to test 

whether fenofibrate can ameliorate radiation-induced cognitive impairment.  Moreover, 

WBI leads to a progressive deterioration of both hippocampal- and non-hippocampal 

dependent cognitive function [9].  Therefore, in addition to using the novel object 

recognition test (a measure of hippocampal-independent cognitive function), we could 
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also use the Morris water maze and/or Barnes maze tests to assess hippocampal-

dependant cognitive functions.  

Radiation-induced late effects in the brain have historically been studied in the 

absence of a gross tumor [17,19-22].  The presence of a brain tumor (either primary or 

metastatic) alone might worsen the cognitive function in addition to contributing to 

increased oxidative stress/inflammatory response in the brain [23-25].  Thus, the ideal 

scenario will be to establish an orthotopic primary/metastatic brain tumor model and 

investigate whether fenofibrate administration can modulate WBI-induced brain injury.  

A number of studies suggest that PPARα ligands show anti-tumorigenic potential. 

PPARα expression and activity has been documented in several cancer cell lines 

including glioblastoma, colon, breast and prostate cancer [26].  In melanoma cells, 

fenofibrate inhibited cell migration and colony formation in soft agar by downregulating  

Akt phosphorylation in vitro and prevented their potential to establish lung metastases in 

vivo [27,28].  Fenofibrate also inhibited IGF-1 induced growth of medulloblastoma cells 

[29].  In a recent study,  fenofibrate potently inhibited primary tumor formation in mice 

by regulating pro-angiogenic and pro-inflammatory pathways [26].  Interestingly, the 

anti-tumorigenic effect of fenofibrate was observed even in PPARα KO tumor implants 

but required a functional PPARα  in the host tissue [26].  Given the above data, we 

hypothesize that fenofibrate would act in a dual fashion by 1] inhibiting the brain tumor 

growth and 2] ameliorating the radiation-induced brain injury.  

In this work, CD68+ microglial cells served as the sole marker of 

neuroinflammation following WBI.  Although this is a reliable and well-documented 

approach, it does not convey adequate information about the functional characteristics of 
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microglia following radiation.  Several studies suggest that activated microglial cells can 

divert into a phenotype that is functionally neuroprotective and supportive during the 

progression of CNS injury [30,31].  Microglia provide numerous trophic factors such as 

neuronal growth factor (NGF), brain-derived neurotropic factor (BDNF) that support 

neurogenesis and remyelination in the injured brain [32].  In preclinical models of 

Alzheimer’s disease, the phagocytic microglia appeared to be beneficial while the pro-

inflammatory role of microglia was detrimental [33,34].  Microglial cells stimulated with 

LPS increase expression of glutamate transporter-1 and regulate glutamate-mediated 

neurotoxicity through increased clearance of the neurotransmitter from the extracellular 

space [35].  Following ischemic injury, activated microglia closely associate with 

neurons and mediate a process known as “synaptic stripping” to facilitate neuroprotection 

by either the quick removal of injured neurons or by aiding in axonal regeneration 

[36,37].  These data further highlight the complexity of the role of microglia in CNS 

injury.  In vitro, genomic and proteomic analysis carried out on differentially activated 

microglia revealed significant activation of a variety of gene and gene products that play 

a role in inflammation, neurogenesis and survival [38].  Although it is yet to be 

determined whether this occurs in vivo, preferential temporal activation/inactivation for 

certain pathways might be a critical determinant of microglial functions (detrimental or 

neuroprotective) during brain injury.  To this end, in situ hybridization approaches can be 

employed to examine the molecular profiles of both the microglia and other brain cell 

types at various time points following different treatments (with or without drug/WBI).  

Moreover, neuroinflammation could result from the disruption of the balance between the 

pro- and the anti-inflammatory mediators in the brain.  Therefore, in the future, tissues 
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from specific brain regions such as the hippocampus and the cortex could be harvested at 

different times after WBI and subject to molecular analysis to examine changes in 

various pro-inflammatory and anti-inflammatory cytokines/chemokines.  This would help 

to shed light on how the brain microenvironment is altered at a molecular level following 

WBI and whether such changes could be modulated by the PPARα ligands.  

Cytokine/chemokine signaling forms one aspect of regulation of the brain 

microenvironment.  Another avenue of research that is receiving a lot of attention in the 

past few years is the role of cholesterol metabolism in neuroinflammation and 

neurodegenerative disorders [39,40].  The human brain contains ~23% of the total 

cholesterol pool in the body (in the mouse it is ~ 16%) [41].  In the brain, astrocytes are 

the major source of cholesterol although both neurons and glia are capable of cholesterol 

synthesis [42].  The cholesterol-apolipoprotein E complex secreted by the astrocytes into 

the brain interstitial space is subsequently taken up the neurons, microglia and the 

oligodendrocytes via receptor-mediated endocytosis [43].  Cholesterol is one of the key 

building blocks of all cell membranes and is also important for the formation of the 

synaptic vesicles [44].  An impairment in brain cholesterol synthesis/transport leads to 

reduced neurotransmission and synaptic plasticity in the rat hippocampus [39].  Feeding 

rodents with a high cholesterol containing diet leads to increased pro-inflammatory 

mediator expression, astroglial/ microglial activation, impaired neurotransmission and 

LTP in the brain [45,46].  These changes were also associated with impairments in 

working memory in mice [46].  Reduced cholesterol efflux from the brain has been 

associated with Niemann-Pick type C disease, a neurodegenerative disorder characterized 

by the accumulation of unesterified cholesterol in the endosomal/lysosomal 
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compartments of brain cells [40].  However, how or whether cholesterol 

metabolism/efflux is altered in the brain following WBI is as of now unknown and 

requires further study.  Given the beneficial effect of PPARα ligands in lowering plasma 

levels of triglycerides and LDL cholesterol in humans [47], the neuroprotective effect of 

fenofibrate in our model could, in part, be via altered cholesterol metabolism in the brain 

and is worth exploring in the future. 

As noted above, we have demonstrated that the PPARα ligand, fenofibrate 

preserves hippocampal neurogenesis and inhibits microglial activation following WBI in 

young-adult mice.  Additional important future work would be to extend these findings to 

very young (pediatric), middle-aged and older animals.  The need for such studies is 

heightened by i] the increased survival of pediatric cancer patients > 5 years (up to 80%) 

and 2] the risk of developing brain metastases during or after middle age [48-50].  

Clinically, patients >60 years of age are at a higher risk for developing radiation-induced 

late effects including dementia and white matter lesions [51,52].  Although decreased 

hippocampal neurogenesis has been proposed to play a key role in WBI-induced 

cognitive impairment in young animals, recent studies indicate that such a mechanism 

might play a minor function in the radiation response of middle and old aged brains 

[53,54].  Neurogenesis in the dentate gyrus reduces progressively with age in both rats 

and mice [55,56].  Middle (18 months old) and old (28 months old) aged rats were 

significantly resistant to WBI-induced decrease in number of immature (double-cortin 

positive) neurons in the DG compared to younger ones.  In addition, these rats had an 

enhanced basal level of microglial activation which is further exacerbated following WBI 

[53].  Thus, the brain microenvironment in older animals might be sharply different from 
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younger ones prior to and following WBI. Overall, age at the time of WBI emerges as a 

critical factor that severely influences the propensity of radiation-induced brain injury.  

Therefore, future studies could examine whether fenofibrate modulates the WBI-induced 

cognitive impairment in rodents of different age groups.  Given that fenofibrate is already 

FDA-approved, the success of these studies would lead to quick translation of these 

findings to the clinic and could ultimately improve the QOL of brain cancer patients 

receiving WBI.  
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